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ABSTRACT  
Carious lesions located at the margins of resin composite restorations and on unrestored 
proximal tooth surfaces in contact with resin composite restorations is an undesirable occurrence that 
can necessitate restorative intervention. Significantly however, several in vivo and in vitro studies have 
shown that should a composite restoration have fluoride releasing capability, the incidence of caries 
associated with resin composite restorations at these locations has the potential to be reduced. Further, 
it has been speculated that the inclusion of Pre-reacted glass ionomer (PRG) particles within resin 
composites can facilitate resin composite fluoride releasing capability. The aim of the present study 
therefore was to evaluate selected significant properties of resin composites containing Pre-reacted 
glass ionomer particles so to assess whether the inclusion of PRG particles within resin composites has 
the potential to improve the longevity of direct resin composite restorations and adjacent unrestored 
tooth surfaces through reducing the occurrence of caries induced restorative intervention.  
For reasons of relevance and propriety constraints this investigation centred on assessment of  
the most recently developed resin composite containing Pre-reacted glass ionomer particles (PRG) 
indicated for ‘universal’ restorative use; Beautifil II (Shofu Inc, Kyoto, Japan). Resin composites 
containing PRG particles have been given the classification Giomer. Properties of Beautifil II that were 
examined in this study include fluoride release, fluoride recharge, mechanical stability with ageing and 
the level of polymerisation contraction. The performance of Beautifil II in relation to these properties 
was compared to fluoride releasing composites, glass ionomers and ‘low polymerisation shrinkage’ 
composites as appropriate. The effect of repeated fluoride recharge on the stability of the adhesion 
between dentine and a bonding system incorporating PRG particles was also examined. In addition, the 
willingness of dental students and dental practitioners to employ resin composites containing Pre-
reacted glass ionomer particles was assessed through a questionnaire and a material handling exercise. 
xi 
In the present study the ‘universal’ composite Beautifil II, containing Pre-reacted glass ionomer 
particles demonstrated: 
• Ability to sustain fluoride release over long term ageing (18 months). The concentration of fluoride 
release exhibited by Beautifil II was significantly (p<0.05) greater than the fluoride release from 
fluoride containing composites Gradia Direct X and Tetric EvoCeram, but was less than the release 
from the glass ionomer Fuji IX Extra. 
• Capacity to be recharged following application of topical fluoride. Importantly, this fluoride recharge 
capability was observed to continue after repeated fluoride applications and despite long term 
ageing (18 months). The fluoride recharge capability exhibited by Beautifil II was significantly 
(p<0.05) greater than the recharge capability of fluoride containing composites Gradia Direct X and 
Tetric EvoCeram but was less than that exhibited by the glass ionomer Fuji IX Extra. 
• Ability when exposed to daily five minute topical fluoride application to re-release fluoride at levels 
comparable to the fluoride released by glass ionomers after four weeks ageing; the ‘plateau’ 
fluoride release of glass ionomers. Notably it is the long term ‘plateau’ fluoride release from glass 
ionomers rather than the high ‘initial burst’ of released fluoride which is claimed to be responsible 
for any caries inhibitive action associated with the fluoride released from glass ionomers.    
• Maintenance of stability of mechanical properties (elastic modulus and hardness) despite long term 
(18 month) ageing, fluoride release and fluoride recharge at values comparable to conventional 
composites and significantly (p<0.05) exceeding those of glass ionomers. Additionally, the stability of 
giomer-dentine bond strengths was maintained over a four month period and despite repeated 
fluoride recharge to margins of Beautifil II-FL Bond II restorations; FL Bond II is an adhesive 
containing PRG particles.  
• A significantly greater (p<0.05) rate and volume of polymerisation contraction in comparison to 
newly developed ‘low shrinkage’ resin composites Kalore and Silorane. 
xii 
• A lower viscosity compared to conventional composites causing a reduction in clinician acceptance 
on the basis of handling. However, Australian dental practitioners indicated a clear interest in using 
composites containing PRG particles and are willing to accept a compromise in composite handling 
(78%) and aesthetic qualities (95%) if this is a necessary result of PRG particle inclusion. The greater 
polymerisation shrinkage and lower viscosity of Beautifil II in comparison to the other assessed 
composites can be attributed to the greater concentration of TEGDMA in giomers in comparison to 
TEGDMA levels within conventional and  ‘low shrinkage’ composites. 
Consequently, within the scope and limitations of this study, the conclusions indicate that inclusion 
of Pre-reacted glass ionomer particles within resin composites has the potential to facilitate resin 
composite fluoride release. Consequently inclusion of PRG filler particles within resin composites has the 
potential to improve composite restoration longevity and the longevity of contacting unrestored tooth 
surfaces through fluoride mediated caries inhibition. The findings from this study therefore suggests 
that composites containing PRG filler particles should be considered by practitioners when restoring 
aesthetically demanding cavities and cavities subject to occlusal loading in high caries risk patients; 
situations in which fluoride availability for restoration margins and contacting tooth surfaces is 
advantageous but where glass ionomer placement is contraindicated.  In order to optimise the potential 
benefits provided through PRG particle inclusion within composite resin matrices, incremental 
composite placement, regular fluoride application to placed PRG containing restorations and the 
incorporation of PRG particles within resin matrices of lower polymerisation contraction is 
recommended. The present study suggests that long term clinical evaluation of current and             
future generations of giomer restorations is warranted to enable clinical confirmation of the          
findings of this study. 
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INTRODUCTION 
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This introduction provides a ‘statement of problems’ which led to the development of the aims 
and objectives of the present study. Additionally, it clarifies the scope and presentation of the study 
in this thesis.  
 
1.1 STATEMENT OF PROBLEMS 
The incidence of carious lesions at the margins of resin composite restorations and at unrestored 
proximal tooth surfaces in contact with resin composite restorations is an undesirable occurrence 
that can necessitate restorative intervention.1-4 Significantly, the need for restorative intervention to 
replace failed tooth coloured restorations can cause considerable tooth structure removal beyond 
the initial size of a restoration; the volume of a cavity increasing by up to 37% following restoration 
removal.5 Over time therefore, the need for repeated restorative intervention can compromise the 
structural durability of individual teeth and so reduce the ability of an individual to maintain the 
status of their dentition over their life span.  
However, it is well established that fluoride present at a tooth surface can function to reduce the 
incidence and progression of dental caries.6, 7 Importantly, several studies have indicated that 
unrestored proximal tooth surfaces in contact with fluoride releasing class II restorations exhibited a 
lower incidence of caries in comparison to interproximal surfaces in contact with non-fluoride 
releasing restorations.4,8-10 Additionally both in vitro and in vivo reports have indicated that a lower 
incidence of caries at the margins of directly placed composite restorations is possible when the 
restoration releases fluoride.11-13 The capacity for released fluoride complexes from restorative 
materials to promote remineralisation of dental tissue and increase tooth structure resistance to 
demineralisation is the mechanism for this ability.7, 14-17  
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The potential for restorative material fluoride release to contribute to a reduction in the 
incidence of caries at restoration margins and at contacting proximal surfaces has prompted the 
development of new aesthetic dental materials with potential fluoride releasing capability. In 
particular, due to the known fluoride releasing ability of glass ionomers,11, 12, 17-19 several material 
classes have been developed which combine the components of glass ionomers and resin matrices. 
The most recent attempt to integrate the components of glass ionomers within a resin matrix is the 
giomer material class. Giomers are resin composites which contain Pre-reacted glass ionomer (PRG) 
filler particles within a resin matrix.20, 21 PRG filler particles are formed by an acid-base reaction 
between fluoro-boro-alumino silicate glass particles and polyalkenoic acid in the presence of water. 
This process produces fluoridated glass particles surrounded by a glass ionomer hydrogel. PRG 
particles are integrated into a resin matrix following silane treatment, in the same manner as glass 
filler particles are integrated within conventional composites.20 Pre-reacted glass ionomer particles 
thus provide giomer composites with the potential to attain physical and aesthetic properties 
comparable to conventional composites as well as a simultaneous ability to release fluoride 
complexes to marginal and contacting tooth surfaces. 
However, despite the potential clinical benefit provided by the inclusion of Pre-reacted glass 
ionomer particles within resin composites, limited verification of the capabilities and properties of 
composites containing PRG particles has taken place. Consequently, prior to the commencement of 
this study, the possible benefits and limitations of including Pre-reacted glass ionomer particles 
within resin composites cannot be ensured.  
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1.2 AIMS AND OBJECTIVES 
In light of the previously outlined problems therefore, the aim of the present study was to 
evaluate selected properties of resin composites containing Pre-reacted glass ionomer particles. This 
evaluation was to facilitate a better understanding on whether the inclusion of PRG particles within 
resin composites has the potential to facilitate improvement in the longevity of direct resin 
composite restorations and adjacent unrestored tooth surfaces through reducing the need for caries 
induced restorative intervention. For reasons discussed in the section titled ‘The scope of the study’, 
the focus of the investigation centred upon evaluating the properties of the most recently developed 
‘universal’ composite containing PRG particles, giomer Beautifil II. To achieve the aim of the present 
study, five areas of investigation were deemed necessary, namely:  
1. To determine the fluoride release and fluoride recharge capability of Beautifil II over time and in 
differing storage media to assess whether the fluoride release (and re-release) from PRG 
particles could contribute to reducing the incidence of caries associated with resin composite 
restorations.  
2. To determine whether the process of fluoride release, ageing and fluoride recharge affects the 
mechanical properties (elastic modulus and hardness) of Beautifil II. 
3. To evaluate the polymerisation shrinkage of Beautifil II and compare this to the level of 
polymerisation shrinkage exhibited by a range of resin composites including examples of newly 
developed ‘low shrinkage’ composites.  
4. To determine the willingness of dental practitioners to utilise PRG containing composites and 
whether practitioners would tolerate a compromise in composite aesthetics and handling 
qualities if such is required to achieve fluoride release through PRG particle inclusion within a 
resin matrix.  
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5. To determine whether ageing, storage media and regular fluoride recharge effects the durability 
of the adhesion between dentine and an adhesive system containing PRG particles (FL Bond II). 
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1.3 SCOPE OF THE STUDY 
The investigations of the present study were all conducted in vitro. To achieve the study 
aims, the present study centred on assessment of the current generation (second) of composites 
containing PRG particles indicated for ‘universal’ use; the only available PRG containing resin 
composite suitable for load bearing restorations. The decision to examine Beautifil II rather than 
developing experimental composites containing PRG particles was taken due to Shofu Company 
owning the patent for Pre-reacted glass ionomer particles.20 Additionally, the susceptibility of sites 
associated with Class II resin composite restorations, in particular gingival restoration margins and 
contacting unrestored proximal surfaces, to new caries incidence provided impetus to examine 
composites containing PRG particles suitable for posterior use.  
In order to comprehensively understand the fluoride release and fluoride recharge profile of 
composites containing PRG particles, the fluoride release and fluoride recharge capability of Beautifil 
II was assessed over two time frames; two months and twenty months. The two month analysis was 
to ascertain the daily rate of giomer fluoride release, the effect of storage media on fluoride release 
and the impact of repeated fluoride recharge on giomer fluoride release. The twenty month analysis 
was to identify whether resin composites containing Pre-reacted glass ionomer particles could 
sustain fluoride release and recharge capability long term. Comparison of Beautifil II fluoride release 
and fluoride recharge behaviour was made with fluoride containing resin composites (Gradia Direct 
X and Tetric EvoCeram) and a high fluoride releasing glass ionomer (Fuji IX Extra).   
The stability of the mechanical properties (elastic modulus and hardness) of giomer Beautifil 
II was assessed using nano-indentation over 18 months ageing. To assess the effect of fluoride 
recharge on giomer mechanical property stability, Beautifil II was exposed to 5000ppm NaF for 24 
hours after 18 months ageing before nano-indentation analysis was completed. The mechanical 
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properties of fluoride containing resin composites Gradia Direct X and Tetric EvoCeram and glass 
ionomer Fuji IX Extra were also assessed under these conditions for comparison. 
The polymerisation contraction profile of PRG containing composites was assessed using a 
device and method developed by Lee et al 22 that enabled real time measurements of resin 
composite volumetric contraction. Newly developed ‘low shrinkage’ composites; Kalore and Silorane 
and conventional composites Filtek Supreme XT and Gradia Direct X were assessed for comparison 
to Beautifil II.  
Due to the significant impact that handling characteristics have on dental practitioner 
selection of restorative materials for clinical use,23 a material handling exercise and questionnaire 
was developed to discover the willingness of practitioners to employ PRG containing composites 
clinically; should a clinician be unwilling to employ a restorative material its constituents by default 
cannot contribute to improved restoration longevity. This assessment involved recruitment of 69 
University of Sydney dental students and 63 graduated dentists practicing within 22km of the Sydney 
GPO, Australia, completing a two part exercise. Part 1 required practitioners to restore a pre-
prepared Class I cavity using five different resin composites including Beautifil II and comment on the 
handling characteristics of each material. Part 2 was a questionnaire asking practitioners to indicate 
the importance of composite fluoride release, aesthetics and polymerisation contraction when 
selecting a resin composite for clinical use. 
The scope of the present study also included assessment of the durability of the bond 
between dentine and the most recently developed dentine adhesive containing PRG particles; FL 
Bond II. Specimens were aged for four months in deionised water and lactic acid, some being 
exposed to a weekly fluoride recharge application, prior to failure using shear bond testing. This 
study was conducted to assess whether repeated fluoride recharge could cause degradation of the 
bond between FL Bond II- Beautifil II restorations and dentine. This investigation was completed 
over four months, sufficient time to cause hybrid layer morphological change if it were to occur.24  
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All materials assessed in the present study were manipulated according to the 
manufacturer’s instructions.   
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1.4 THESIS PRESENTATION  
The present thesis will commence by providing evidence of the action of fluoride ions in 
promoting tooth structure remineralisation and inhibiting the progression of tooth demineralisation. 
Subsequently a review of the literature will be undertaken demonstrating the ability for fluoride 
released from restorative materials to reduce the incidence of new caries at the margins of 
composite restorations and contacting unrestored surfaces (Chapter 2). An overview of fluoride 
releasing direct restorative materials that culminates in a description of resin composites containing 
Pre-reacted glass ionomer particles (giomers) will follow (Chapter 3).  
Having established the capacity for dental restoration fluoride release to reduce the 
incidence of caries at unrestored contacting surfaces and at restoration margins and having outlined 
the limitations of previously developed fluoride releasing restorative materials, the data from the 
present study will be presented (Chapter 4-7).The fluoride release, fluoride recharge and mechanical 
property stability of giomer Beautifil II will be presented in Chapter 4. An analysis of the 
polymerisation profile (rate and total volumetric shrinkage) of PRG containing Beautifil II, in 
comparison to new ‘low shrinkage’ composites will follow (Chapter 5). The willingness of 
practitioners to utilise composites containing PRG filler particles will then be presented (Chapter 6). 
The effect of repeated fluoride recharge, ageing and storage media on the stability of the adhesion 
between dentine and a dentine bonding agent containing PRG filler particles will feature 
subsequently (Chapter 7).   
The data in Chapters 4-7 and the discussion and conclusions generated will be presented in 
five discrete parts; Chapter 4A, Chapter 4B, Chapter 5, Chapter 6 and Chapter 7. The contents of 
Chapter 4A, Chapter 5 and Chapter 7 have been accepted for publication in international peer 
reviewed journals. The contents of Chapter 6 and Chapter 4B have been submitted for review within 
peer reviewed journals.  As a result, each of the five discrete parts is a transcript of the published 
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and submitted articles and therefore each part contains the following sections: Introduction, 
Materials and Methods, Results, Discussion, Conclusions, Acknowledgements and References. 
Consequently, separate ‘all encompassing’ Materials and Methods, Results and Reference sections 
will not feature in the present thesis; however a summarising Discussion (Chapter 8) together with 
suggestions of Further Investigations and Final Conclusions will be presented in the last chapter of 
the thesis (Chapter 9).  
To ensure the continuity and coherence of the presented thesis, each chapter commences 
with a Preface prior to the Introduction. Further, each of the accepted manuscripts has been 
formatted so that a consistent formatting style is apparent across the entire thesis; the accepted 
articles are not simply placed within the body of the present thesis as they appear in the published 
journal, rather the present thesis is presented as a coherent document. Copies of the published 
articles as well as conference abstracts have been included as appendices.  
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 CHAPTER 2 
 
LITERATURE REVIEW 
FLUORIDE RELEASED FROM DENTAL RESTORATIVE MATERIALS: 
THE EFFECT ON THE CARIES PROCESS AND CARIES INCIDENCE 
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2.1 INTRODUCTION 
The effect of fluoride on dental hard tissues has been reported since the second century 
AD.1 In modern dentistry Black and McKay2 are credited as being the first to systematically report 
the effects of salivary fluoride on the dentition, describing mottled enamel in 1916. During the 
1930’s and 1940’s, Dean et al 3 built on the work of Black and McKay. Dean et al not only established 
the relationship between the presence of mottled enamel and the level of fluoride in water supplies, 
but he also observed that the presence of fluoride in water supplies led to lower than expected 
caries incidence.3 In 1950, Hodge et al suggested that the optimal level of fluoride in a community’s 
water supply should be 0.3 -1.0 ppm; at this level of fluoride Hodge et al observed maximum caries 
reduction and minimal enamel mottling within populations.4 
Three key mechanisms are recognised as contributing to the anticariogenic effect of 
fluoride; reduction of dental tissue demineralisation, enhancement of dental tissue remineralisation 
and interference with bacterial metabolism and growth.1, 5-8 In this chapter these mechanisms will be 
briefly explained and will be followed by a review of the literature which examines the effect of 
fluoride released from dental restorative materials upon caries incidence and progression.  
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2.2 THE EFFECT OF FLUORIDE UPON CARIES INCIDENCE AND PROGRESSION 
The antimicrobial action of fluoride; interference with bacterial metabolism and growth 
Fluoride ions can affect the activity of oral bacteria through inhibition of intracellular 
metabolic processes.9 It has been observed that fluoride affects the cellular metabolic activity of oral 
micro-flora through impacting intracellular glucose metabolism. Absorbed fluoride ions can affect 
intracellular glucose transport9 as well as inhibiting intracellular glucose production via interference 
with the enolase metabolic pathway.6,.9 Additionally, absorbed fluoride ions interfere with 
streptococci cytoplasm pH by affecting proton-extruding ATPases. This interference impedes the 
ability of cells to maintain intracellular pH homeostasis.6, 10 
In addition to altering intracellular processes of oral bacteria, fluoride has also been shown 
to have a detrimental effect on dental plaque.11 Dental plaque is a bacterial biofilm community, 
comprising a wide variety of species and organisms.12 As a biofilm, dental plaque has three 
developmental stages until it reaches stability; absorption and adherence of bacterial cells to the 
tooth pellicle; growth and division of the plaque cells and biofilm stabilisation.13 It has been 
observed that fluoride can affect both the absorption and adherence stages5 as well as the process 
of growth and cell division.14 Fluoride also has a demonstrated bactericidal effect of S mutans in 
dental plaque.15  
 
The influence of fluoride on tooth structure demineralisation and remineralisation 
The development of a carious lesion in enamel is a continuum of progression commencing 
with the loss of a small number of calcium and phosphate ions then progressing to a white spot 
lesion and culminating in frank cavitation.1 Bacteria present on a tooth surface produce hydrogen 
ions following fermentation of available carbohydrates. These hydrogen ions then act to cause 
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dissolution of the hydroxyapatite of the enamel [Ca10(PO4)6(OH)2].  The dissolving action of the 
hydrogen ions upon the enamel causes release of Ca2+, PO4 3- and OH-.  The released OH- and PO4 3- 
can attach to available H+ to produce H2O and HPO4 2-. Should the pH of the surrounding saliva be 
below the critical pH (normally 5.2-5.5), rapid dissolution of enamel hydroxyapatite will occur as the 
surrounding oral fluid becomes under saturated with respect to hydroxyapatite at and below this 
pH.16 However, should saliva contain a supersaturated concentration of fluoride ions, fluoride ions  
can be up taken by depleted enamel apatite to form Ca10(PO4)6OHF crystals.  This process can be 
summarised by using the following equations, the equilibrium of these equations being altered by 
changes in the pH of the environment at the tooth surface. 
Ca10(PO4)6(OH)2   10Ca2++ 6PO43- +2OH- 
Ca10(PO4)6OHF   10Ca2++ 6PO43- +OH- + F- 
PO43-+3H+   HPO42--+2H+  H2PO4--+H+  H3PO4 
2OH- + 2H+   2 H2O 
The equilibrium equations indicate that salivary fluoride can function to inhibit 
demineralisation and promote remineralisation of demineralised tooth structure.17-20 Salivary 
fluoride ions facilitate enamel remineralisation through the precipitation of fluoro-hydroxyapatite 
crystals.7 Significantly, enamel and dentine that is remineralised through fluoro-hydroxyapatite 
precipitation will contain a greater proportion of fluoro-hydroxyapatite crystals compared to natural 
enamel. Since fluoro-hydroxyapatite crystals demonstrate a lower solubility compared to non-
fluoridated hydroxyapatite,21 remodelled dental hard tissues following remineralisation will be more 
resistant to acidic demineralisation compared to ‘non remodelled’ hydroxyapatite. In addition to this 
mechanism, fluoride in the aqueous phase is able to precipitate as calcium fluoride complexes onto 
available tooth surfaces.7 The action of calcium fluoride complexes to block diffusion pathways also 
causes tooth surfaces to be more resistant to acidic dissolution.7   
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2.3 THE EFFECT OF FLUORIDE RELEASED FROM DENTAL RESTORATIVE MATERIALS UPON CARIES 
INCIDENCE AND PROGRESSION  
The previous section briefly outlined the effect of fluoride ions upon caries incidence and 
progression. Through its effect upon oral micro-flora populations and its impact upon the 
demineralisation-remineralisation equilibrium of dental hard tissues, fluoride ions in the vicinity of 
tooth surfaces can function to negate the caries disease process. One possible fluoride source for 
tooth surfaces is fluoride released from a restorative material. Restorative materials capable of 
fluoride release have the potential to provide a sustained low level concentration of fluoride to 
surrounding and contacting tooth structure. Significantly, it has been identified that when low levels 
of fluoride are continuously made available to tooth surfaces, this being the nature of restorative 
material fluoride release, caries inhibition can occur.8, 16  
In this section the reported effects of fluoride released from dental restorative materials 
upon caries incidence and progression will be briefly outlined. Consideration will be given to the 
effect of released fluoride upon caries occurring at the margins of restorations (recurrent caries) and 
caries occurring on unrestored proximal tooth surfaces in contact with fluoride containing 
restorations. Firstly however, the reported effects of fluoride released from restorative materials on 
oral bacteria will be described. 
 
The antimicrobial effect of fluoride released from dental restorative materials and its 
relationship to caries incidence and progression  
Several clinical studies have demonstrated that fluoride released from restorative materials 
has a bactericidal effect upon S.mutans populations intra orally; the bacteria primarily involved in 
caries lesion initiation.22 Several reports have indicated that the proportion of S.mutans within 
plaque populations adjacent to fluoride releasing glass ionomer restorations is lower than adjacent 
18 
to non fluoride releasing restorative materials.23-25 A similar effect has been shown in S.mutans and 
lactobacillus populations adjacent to resin modified glass ionomer restorations.26, 27 The lower 
proportion of S.mutans within plaque populations adjacent to glass ionomer and resin modified glass 
ionomer restorations has been attributed to the bactericidal effect of an increased fluoride 
concentration within the assessed plaque populations.23-27   
However, while the fluoride released from restorative materials is capable of causing 
antimicrobial action, the reduction in plaque streptococci on tooth surfaces adjacent to conventional 
and resin modified glass ionomers is time dependent; the released fluoride primarily affecting 
plaque populations occurs over the first month post restoration placement.23-25 Such correlates with 
the need for the fluoride concentration within plaque to be in the range of 0.16-0.31mol/L to inhibit 
streptococci growth28 and the result of restorative material fluoride release declining with time.29, 30 
Thus in order for fluoride containing restorative materials to exhibit a caries inhibitive effect through 
antimicrobial action, a restorative material must exhibit an ability to be recharged by fluoride; the 
ability to absorb fluoride for re-release. Only through fluoride recharge can restorative materials 
possibly maintain a level of fluoride release approaching that necessary to generate antimicrobial 
action long term.   
 
The effect of fluoride released from dental restorative materials upon caries incidence and 
progression on contacting unrestored proximal tooth surfaces  
The difficulty and reluctance of patients to undertake preventive measures to ensure 
interproximal tooth surfaces exhibit minimal plaque bulk causes interproximal tooth sites to be 
susceptible to caries incidence.31-33 This difficulty can be further exacerbated when a proximal tooth 
surface is restored directly using a resin composite material; composite polymerisation contraction 
can impede the recreation of self cleansing interproximal embrasure areas. Notably, fluoride 
released from restorative materials can reduce the risk of caries incidence at proximal tooth 
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surfaces. Recent in vivo and in vitro studies have shown that fluoride released from restorative 
materials used to restore class II cavities can reduce the development and progression of primary 
caries affecting unrestored contacting tooth surfaces.34-41 
Donly et al, Bynum et al  and Balinga et al   39-41 observed in vitro that in an environment of 
low pH, proximal tooth surfaces in direct contact with conventional and resin modified glass 
ionomer restorations exhibited a lower level of demineralisation compared to non fluoride 
containing amalgam and composite restorations. Notably, both Donly et al and Bynum et al 40, 41 
indicated that fluoride application to a restorative material via a dentifrice (Crest, Proctor & 
Gamble), significantly increased remineralisation and significantly decreased demineralisation of the 
contacting surfaces. This finding suggests the importance of a restorative material demonstrating 
long term fluoride recharge capability if its contribution to caries inhibition is to be optimised, as 
alluded to previously.42  
Several long term in vivo studies have also reported that the fluoride released from a 
restorative material can facilitate a lower incidence of caries occurring at unrestored tooth surfaces 
sharing a common contact area. An eight year practice based clinical study analysing 1341 
unrestored proximal surfaces in contact with class II restorations reported a reduced rate of caries 
incidence on proximal surfaces contacting glass ionomers, resin modified glass ionomers and 
compomers compared to surfaces contacting non-fluoridated amalgam restorations.38 Another eight 
year study, a randomised clinical trial conducted by Qvist et al 35 in the Danish public health service 
comparing caries progression on surfaces in contact with amalgam and glass ionomer restorations, 
yielded very similar results. Qvist et al 35 observed that level of carious disease progression at tooth 
surfaces sharing a contact area with glass ionomer restorations was less compared to surfaces 
contacting amalgam restorations. Qvist et al identified that 30% of surfaces adjacent to amalgam 
restorations required operative treatment over the eight years of observation while only 16% of 
surfaces adjacent to glass ionomer restorations required such treatment. A three year study also 
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comparing the caries incidence on surfaces contacting amalgam and glass ionomer restorations 
showed similar outcomes.36 After three years, of 515 unrestored surfaces contacting glass ionomer 
restorations and 543 unrestored surfaces contacting amalgam restorations, 21% of the surfaces 
contacting amalgam restorations required restorative treatment compared to only 12% of surfaces 
in contact with glass ionomer restorations requiring restorative treatment.   
These findings are also consistent with observations reported by Qvist et al34 in a seven year 
randomised study assessing the caries progression occurring on 1565 proximal tooth surfaces in 
contact with class II cavities restored using either resin modified glass ionomer or polyacid modified 
resin composite (compomer) materials. Qvist et al 34 observed a regression of identified carious 
lesions from an active to an inactive status in 17% of the assessed contacting surfaces. An eight year 
randomised clinical trial assessing glass ionomer and resin modified glass ionomer restorations 
revealed similar findings; a regression of carious lesions from active to an inactive status was 
observed in 11% of the surfaces in contact with resin modified glass ionomers and in 16 % of 
surfaces contacting glass ionomers.37  
This ability for fluoride released from restorative materials to reduce the incidence and 
progression of caries upon contacting proximal surfaces is especially relevant when considering resin 
composites. During polymerisation, resin composites undergo contraction as a result of a change in 
the distance between the resin monomer units before and after polymerisation.43, 44 Polymerisation 
contraction of resin composites as well as the difficulty in packing a resin composite against an 
interproximal matrix can therefore substantially hamper the efforts of a clinician aiming to re-
establish an optimal contact area when restoring a proximal cavity. Should composite 
polymerisation contraction and packing difficulty prevent a clinician from restoring a contact area 
optimally, the possibility of the retention of bacteria and food debris between the two contacting 
teeth is increased. This circumstance can result in unrestored surfaces adjacent to directly placed 
class II composite restorations being more susceptible to the formation of new carious lesions.45  
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Therefore since the sustained fluoride release from restorative materials can reduce the 
caries incidence at unrestored contacting tooth surfaces, the ability of a resin composite to sustain 
long term fluoride release has the potential to facilitate an improvement in the longevity of tooth 
surfaces in contact with resin composite restorations. 
 
The effect of fluoride released from dental restorative materials upon recurrent caries 
incidence and progression 
Recurrent (or secondary) caries describes the carious demineralisation of tooth structure 
occurring at restoration margins.46 Recurrent carious lesions have been described as occurring in two 
parts: an ‘outer lesion’ of demineralisation, formed following a primary acid insult on surface enamel 
adjacent to a restoration and a ‘wall lesion’ extending pulpally from the ‘outer lesion’ along the 
tooth-restoration interface.46 The ‘wall lesion’ is caused by the progression of bacterial fluids and 
hydrogen ions along the tooth-restoration interface.46, 47 
Significantly, a lower incidence of recurrent caries associated with fluoride releasing 
restorative materials in comparison to the incidence associated with non fluoridated materials has 
been reported. Several in vitro studies have shown that fluoride released from restorative materials 
is able to inhibit demineralisation of dentine and enamel exposed to acidic buffer solutions or acidic 
gels.8 One such study was completed by Tantbirojn et al 48 whom observed that at a distance of 
0.22mm from the restoration margin, the level of mineral loss surrounding a glass ionomer was 80% 
lower than that surrounding a non fluoride releasing resin composite. Tantbirojn et al also observed 
this effect at a far greater distance than 0.22mm; at a distance of 7mm from the cavity margin a 37% 
differential in mineralization surrounding the glass ionomer and non fluoridated composite            
was identified.  
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These findings are consistent with reports from Glasspoole et al 49 and Wandera et al 50 
whom compared the mineral density at restoration margins and the depth of generated ‘outer 
lesions’ surrounding fluoride releasing materials and non fluoride releasing materials. A lower lesion 
depth and greater mineral density was observed around the assessed fluoride releasing materials; 
depth increasing and mineral density decreasing with greater distance from the restoration margin., 
and Mayer et al,51 Attar et al 52 and Yaman et al 53  also have reported similar findings, each author 
observing a significant reduction (58% to 80%) in the extent of ‘outer enamel lesions’ surrounding 
fluoride releasing materials in comparison to non fluoride releasing restorative materials in acidic 
solution. Additionally Yaman et al  53 has reported a 30% reduction in ‘wall lesion’ size and depth for 
fluoride releasing materials in comparison to non fluoride releasing materials exposed to 
demineralising solution in vitro. 
Notably, studies have shown that the four historical classes of fluoride releasing restorative 
materials provide a beneficial effect in relation to recurrent caries inhibition. A reduction in the 
depth of ‘outer’ carious lesions at the margins of glass ionomers (58-80%); resin modified glass 
ionomers (35-75%); compomers (35-75%) and fluoride containing composites (9-40%) in comparison 
to non-fluoridated controls has been observed.51-57 
In terms of longitudinal clinical evidence indicating the effectiveness of fluoride release from 
restorative materials in reducing the incidence of recurrent caries, the number of studies reporting 
on this is very limited due the challenges of undertaking clinical trials to assess such.8 Additionally, of 
the limited number of studies that have been undertaken, the evidence for the efficacy of the 
fluoride released from restorative materials in reducing recurrent caries is less conclusive than in 
vitro evidence; Van Dijken et al ,58 Wucher et al 59 and Lindberg et al 60 reporting no difference in the 
incidence of recurrent caries associated with fluoride releasing  and non fluoride releasing 
restorative materials  after three years of observation. 
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However in contrast to these three studies suggesting no difference, compomers61 and resin 
modified glass ionomers62 have been observed to demonstrate a comparatively lower failure rate 
due to new marginal caries in comparison to non fluoride releasing materials in longitudinal clinical 
studies. Further a six year observation of class I molar restorations revealed only a 2% incidence of 
new marginal caries associated with glass ionomers but a 10%  incidence of new caries associated 
with  the margins of placed non fluoridated amalgam restorations.63 A five year study comparing 
amalgam and glass ionomer recurrent caries incidence provided a similar conclusion64 as did in situ 
studies comparing the development of recurrent caries in dentine65 and enamel23 at the margins of a 
glass ionomer  and a non fluoridated composite. Fluoride released from amalgam restorations has 
also been shown to be effective in reducing recurrent caries incidence; a lower incidence of 
recurrent caries has been observed at the margins of fluoride containing amalgam restorations in 
comparison to recurrent caries incidence at the margins of conventional amalgam restorations.66 
Thus while the in vivo evidence for the efficacy of dental restorative material fluoride release in 
reducing recurrent caries incidence and progression is less conclusive than the in vitro data, the 
balance of the literature certainly supports the practice of using fluoride releasing restorative 
materials in an effort to reduce recurrent caries incidence.  
Therefore since recurrent caries and caries affecting unrestored adjacent tooth surfaces 
continues to be a reason for resin composite restoration failure and the need for operative 
intervention36, 38, 67, 68, 69 it is prudent that further development and further investigation of fluoride 
releasing composite materials is undertaken. This pursuit is especially important in the context of 
the real possibility of a rising caries risk in populations of the developed world. The risk of caries 
incidence is likely to rise within first world populations as the life span of individuals and the use of 
xerostomia inducing pharmaceuticals continue to increase concurrently. Further as populations’ age, 
the proportion of individuals suffering from conditions affecting their manual dexterity and 
therefore their ability to complete oral hygiene measures also has the capacity to increase the caries 
risk of populations. 
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Within Chapters 4-7 of the present thesis, findings from an investigation of a new class of 
resin composite restorative material which contain filler particles with claimed ability to enable resin 
composite fluoride release will be presented. To provide context to this investigation, a brief review 
of the constitution and properties of currently available dental restorative materials that are capable 
of fluoride release will be provided in the forthcoming chapter (Chapter 3). Additionally a review of 
the properties of conventional resin composites will be provided.  
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LITERATURE REVIEW 
AN OVERVIEW OF FLUORIDE RELEASING DIRECT RESTORATIVE MATERIALS  
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3.1 INTRODUCTION 
Increased aesthetic demands from patients coupled with a decline in popularity of dental 
amalgam has resulted in the use of direct tooth coloured materials in restorative dentistry 
substantially increasing over recent years.1 Coupled with this increased demand from the public and 
dental practitioners to employ direct tooth coloured restorative materials has been a rise in the 
availability and range of such materials. 
From the 1950’s to the mid 1980’s, two categories of direct tooth coloured restorative 
materials were available to dentists; resin composites and glass ionomers. Glass ionomers are 
formed by the acid-base reaction of an aqueous polyalkenoic acid and an ion-leachable glass.2 Glass 
ionomers are capable of chemically bonding to tooth structure, are biocompatible, exhibit fluoride 
release and fluoride recharge and have a demonstrated ability to facilitate remineralisation of tooth 
structure at restoration margins.3,4 However, the challenge in developing glass ionomers which 
exhibit tooth like aesthetic characteristics and acceptable physical properties limit their clinical use.5 
In contrast to glass ionomers, resin composites are glass ceramic filled polymers set by resin 
polymerisation.6 Excellent aesthetics and acceptable physical properties are exhibited by currently 
available resin composites. However volumetric shrinkage during polymerisation7, 8 can potentiate 
the incidence of enamel micro fracture and the incidence of caries at restoration margins or on 
contacting proximal surfaces adjacent to composite restorations.9-12  
As individual material categories therefore, both resin composites and glass ionomers 
exhibit significant advantages as well as limitations. As a consequence, in order to exploit the 
advantages of each material type and simultaneously minimise the shortcomings of each material in 
isolation, the development of ‘hybrid’ materials combining resin composite and glass ionomer 
constituents has taken place. Broadly, three categories of such ‘hybrid’ materials have been 
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developed; resin modified glass ionomers (RMGI), poly acid modified resin composites (compomers) 
and most recently giomers which contain Pre-reacted glass ionomer particles.  (Figure 3.1) 
In the remainder of this chapter, a detailed overview of the properties and characteristics of 
the restorative materials within each of the ‘hybrid’ material categories will be presented. This 
however will be preceded by an outline of the composition, properties and characteristics of resin 
composites and glass ionomers. 
 
Figure 3.1. A diagrammatic representation of the continuum of direct aesthetic restorative 
materials according to setting reaction1  
Conventional Glass Ionomers      Conventional Resin Composites 
RMGIs            Giomers  Compomers  
----------------------------------------------------------------------------------------------------------------------------- 
100% Acid/Base Reaction      100% Polymerisation Reaction 
32 
3.2 RESIN COMPOSITES 
Definition and development   
A composite material is a multiphase material that combines the properties of each 
incorporated phase, resulting in a material with enhanced properties.13 Resin composite restorative 
materials contain a resin component (organic phase) in addition to filler particles (inorganic phase). 
The first resin used in restorative dentistry was developed in the 1940’s. This material 
consisted of a polymethylmethacrylate powder that was mixed with a methylmethacrylate 
monomer; Benzoyl peroxide an n,n-dimethylparatoluidine initiated resin polymerisation.14 In the 
1950’s the first resin composites with application in restorative dentistry were developed as silica 
filler particles were incorporated within a methacrylate resin matrix. However the clinical use of such 
materials was limited due to; the very high level of material polymerisation shrinkage; the absence 
of significant bonding between the silica particles and the resin matrix; and the absence of adhesion 
between the resin matrix and tooth structure.15 Significantly, during the 1950’s these shortcomings 
were addressed for the first time through the utilisation of coupling agents to bind filler particles to 
the resin matrix16 and the development of micromechanical adhesion between resin and enamel 
following acid etching.17  
In 1962 to reduce polymerisation shrinkage Bowen18 developed a high molecular weight 
monomer Bisphenol A glycidyl methacrylate (BisGMA) suitable for the basis of a resin matrix. At 
present, in addition to BisGMA, Urethane dimethacrylate (UDMA) is also widely utilised as a base 
monomer of composite formulations. Due to the high viscosity and multiple functional groups 
exhibited by BisGMA and UDMA, low viscosity diluent molecules such as TEGDMA are included 
within the resin matrix of current day resin composites. In more recent times new resin matrix 
formulations such as  ‘Siloranes’, for which Siloxane and Oxirane form the molecular basis, have also 
been included within restorative resin composites.14,16  
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In addition the resin matrix of composites developing since the 1940’s, innovation has also 
occurred in relation to resin composite filler particles; traditionally and most commonly quartz, silica 
and glass particles. Over time the size of filler particles has reduced with the aim of optimizing filler 
loading and in turn improving resin composite physical properties.19 Within current generation 
composites, particles as small as 0.005 µm in diameter are being utilised.20 In addition to developing 
smaller particles for incorporation within a resin matrix, development of particles with a bioactive 
potential have been incorporated in resin matrices. The development of Pre-reacted glass ionomer 
filler particles (PRG) with the potential to facilitate composite fluoride release and fluoride recharge 
is one such example. 
 
Setting reaction  
The setting reaction of resin composites is a free radical polymerisation reaction. For light 
cured resins, visible light of wavelength 470nm activates the photo initiator to initiate free radical 
production. For chemical cured and dual-cured resins a chemical initiator acts to initiate free radical 
production. Free radicals function to disrupt the carbon double bonds present in the monomers that 
form the organic phase. This process in turn enables monomer cross linking to create a highly cross-
linked polymer as well as providing further free radicals to further propagate the polymerisation 
reaction.16   
 
Significant properties of resin composites 
Polymerisation shrinkage 
Polymerisation shrinkage of a resin composite is the volumetric contraction of resin 
composite material on setting.   During addition polymerisation of conventional methacrylate 
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composites, the distance between monomer molecules which are loosely bound by van der Waals 
forces is reduced, as the resin monomers become tightly linked by covalent bonding. Conventional 
methacrylate based composites, for which BisGMA and UDMA are the base monomers, contract 
between 2% and 5% due to this process.8 
The polymerisation shrinkage of currently available commercial composites ranges between 
1% and 5%.8 Polymerisation shrinkage results in stress within the bond between a resin composite 
and tooth structure.7, 8 Such stress can cause marginal disruption that precedes micro leakage and  
recurrent caries as well as enamel microfractures.9-12 Additionally, resin composite polymerisation 
shrinkage can cause clinicians great difficulty when attempting to recreate optimal contact areas 
during restoration of proximal cavities. The absence of an ideal interproximal contact will facilitate 
the accumulation of bacteria and food debris in the interdental space. Such can raise the caries risk 
of any unrestored, sound tooth surface which forms part of the interproximal contact area.21  
 
Strength, elastic modulus and wear resistance 
The strength and elastic modulus of a resin composite is related to its filler content; strength 
and modulus increase as filler content increases.22 The modulus of elasticity of currently available 
resin composites is approaching that of dentine.  The knoop hardness for composites (60-95kg/mm2) 
is lower than that of enamel (343kg/mm2) and dental amalgam (110 kg/mm2).23 The wear resistance 
of a resin composite rises as filler particle size decreases and filler volume increases and therefore 
this characteristic of resin composites has significantly improved over time.24 
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Bonding to enamel and dentine 
Bond strengths of 30 MPa to enamel and 15-20 MPa to dentine have been recorded.15 
Adhesion to enamel is entirely micromechanical. Following etching of enamel (commonly using 37% 
phosphoric acid) selective dissolution of the outer surface of enamel prisms occurs, producing micro-
porous zone of up to 30μm in depth in the enamel surface.  A resin of low viscosity, commonly a 
methacrylate chain which may contain a functional group such as phosphate, is able to infiltrate 
these porosities to form resin tags causing a ‘bond’ to form between the resin and enamel.  The 
resin of the restorative composite can then chemically bond to the low viscosity resin which has 
infiltrated the enamel porosities.1  
Bonding of resin composites to dentine is more difficult and more complex than bonding to 
enamel. This is a result of the higher water and organic content of dentine compared to enamel; 
dentine contains approximately twelve times the level of water that exists in enamel.25   
At present, the most commonly utilised dentine bonding systems (etch and rinse and self 
etch) involve removal of the smear layer using acid; the smear layer can be defined as any debris, 
produced by tooth instrumentation.26 In addition to removing the smear layer, the acid etch 
demineralises the underlying dentine to expose a scaffold of collagen fibrils within dentine tubules. 
Following etching, a ‘primer’ is applied when a total etch system is used; the acidic monomer of a 
self etch system functioning as a priming molecule. The ‘primer molecule’ contains a hydrophilic 
component able to penetrate the collagen scaffold and contains a hydrophobic component able to 
chemically bond to resin. The primer molecule is often dissolved in an organic solvent, such as 
ethanol, to enable water displacement from the moist collagen.27 Following primer application, a low 
viscosity resin can then engage the collagen scaffold and penetrate deep into the dentine tubules 
forming ‘adhering’ resin tags.27 As with enamel bonding the resin of the restorative composite can 
then chemically bond to the low viscosity resin which has infiltrated the dentine. 
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Commercially one, two and three bottle dentine bonding systems are available. Three bottle 
systems house etch, primer and adhesive separately. Two bottle systems can combine either the 
etchant and primer (self etch system) or the primer and adhesive resin (etch and rinse system).   
 
Aesthetic characteristics 
Due to their constituents, resin composites are able to exhibit aesthetic characteristics 
which approach that of tooth structure. Variations in translucency, hue and chroma of composites 
are able to be achieved so to match the qualities of dentine and enamel. The low water absorption 
of the resin matrix of resin composites facilitates material colour stability. The small size of filler 
particles in modern composites permits high lustre surface finishing to be achieved and maintained.6 
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3.3 GLASS IONOMERS  
Definition and development 
Glass ionomer restorative materials were developed by Wilson and Kent and first reported 
in 1971.28 The first glass ionomers were advocated for restorations of cervical lesions, though their 
application was limited by their poor aesthetic qualities. Over time, development of glass ionomers 
has occurred enabling glass ionomers to function more effectively as restorative materials as well as 
cavity liners and luting cements.29   
By definition, glass ionomers are water based cements formed by the acid/base reaction 
between a poly alkenoic acid and an ion leachable alumino silicate glass.28 The term denoting glass 
ionomers given by ISO (International Organisation for Standardisation)  is ‘poly alkenoate cements’, 
reflecting the constitution of glass ionomers. 
 
Composition 
Glass ionomers consist of a glass powder and a liquid component containing poly alkenoic 
acid. 
The glass powder  
The glass powder of glass ionomers is calcium or strontium fluoroaluminosilicate glass 
formed through the fusion, quenching, grinding and sieving of a variety of glass particles. Particles 
ranging between 4-50μm are generated through this process; coarser particles in this range are used 
for restorative materials as this improves material translucency.28, 30 The partial reactivity of the glass 
and low molecular weight of fluoride ions enables fluoride ion movement from the glass during 
setting into and beyond the matrix without causing material break down or dissolution. Movement 
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of fluoride ions from glass ionomers has resulted in remineralisation being observed at the margins 
of glass ionomer restorations and on unrestored sound tooth surfaces contacting glass ionomer 
restorations.4, 31-33   
The liquid 
The liquid component of a commercially available glass ionomer typically contains a 40-55% 
solution of 2:1 acrylic acid: ita-conic acid copolymer in water though a maleic acid: acrylic acid 
copolymer may be used. Tartaric acid is also included in the liquid to improve handling time and to 
assist with ion extraction from the glass powder.34   
 
Setting reaction 
The setting reaction of glass ionomers occurs in three phases.29  
1. Dissolution 
The polyacid acts on the glass surface resulting in 20-30% of the glass to decompose which is 
accompanied by ion release.  
2. Precipitation 
The released cations (Ca 2+,Sr 2+, AI 3+) bond to the polyanions of the carboxylate groups present. 
Initial set is achieved by calcium ion cross-linking occurring over the subsequent 24 hours. A silica 
hydrogel forms on the glass particle surface.  
3. Hydration and Maturation 
Following the initial 24 hours of hydrogel cross linking, hydration of the matrix salts facilities 
matrix maturation. Stronger aluminium ion cross-linking occurs as the matrix ages. In the first few 
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days material translucency along with resistance to desiccation and acid attack is developed.  Over 
months, material rigidity and strength increases. 
  
Significant properties of glass ionomers 
Fluoride release 
It has been proposed that fluoride release from glass ionomers occurs in two phases. Rapid 
glass dissolution during setting results in an initial rapid release of fluoride ions which constitutes 
phase one.25, 35-37 A gradual sustained fluoride ion release through the bulk of the cement constitutes 
the second phase.25, 35-37 The release during the second phase is a result of acidified water of the 
hydrogel matrix dissolving the enveloped glass.38, 39 Studies have demonstrated the fluoride ion 
release in the second release phase approximates the square root of time.40-42 By 10-20 days after 
initial setting, the level of fluoride release from glass ionomers plateaus to a constant rate of fluoride 
release.5, 43, 44 Significantly, it is the long term phase two ‘plateau’ release rather than the initial 
phase one ‘burst’ of fluoride which is regarded as being responsible for any caries inhibitive action of 
glass ionomers.5, 45, 46 The pH of the salivary storage medium of glass ionomers effects the level of 
fluoride release in phase two; at lower salivary pH greater fluoride release levels are achieved.30, 47, 48  
 
Fluoride recharge  
The ability for a glass ionomer to uptake fluoride, that is be ‘recharged’, provides glass 
ionomers with capability to act as a fluoride reservoir and provide a sustained source of fluoride to 
tooth structure in close proximity despite intrinsic fluoride release decreasing with time.45, 49, 50 The 
fluoride recharge capability of glass ionomers is facilitated by the permeable and porous nature of 
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glass ionomers in comparison to resin matrices, these characteristics enabling  fluoride ions external 
to a glass ionomer to infuse the material and be retained within the hydrogel.49 
 
Caries inhibitive activity 
As indicated in the previous chapter, numerous studies have reported that fluoride release 
from glass ionomers can function to promote remineralisation and inhibit demineralisation of 
enamel and dentine. Fluoride release from glass ionomers has been shown in vivo and in vitro to 
reduce caries incidence at the margins of glass ionomer restorations and on surfaces in contact with 
glass ionomer restorations.4, 31-33, 51-54  
It has been demonstrated that in comparison to non-fluoride releasing restorative materials, 
the enamel mineral loss at the margins of glass ionomer restorations is up to 80% less at 0.22mm 
from the restoration and up to 37% less at 7mm from the restoration margin following exposure to 
acidic solutions.55 Additionally, it has been observed that the size of carious lesions within dentine 
surrounding glass ionomer restorations  is reduced due to glass ionomer fluoride release; Tam et al 
reporting a reduction in lesion depth in dentine by up to 40% at the margins of placed glass 
ionomers compared to lesions at the margins of non fluoridated composites following acid 
exposure.56 
Such findings have also been observed in vivo; enamel and dentine microhardness at the 
margins of glass ionomers has been shown to exceed that of tooth structure surrounding 
conventional resin composites in situ.57 These results complement those of long term clinical trials 
that have shown a lower incidence of recurrent caries associated with glass ionomers relative to non 
fluoridated restorations.58-60 Long term clinical trials have also demonstrated that sound unrestored 
surfaces in contact with glass ionomers can exhibit a lower incidence of new carious lesions in 
comparison to unrestored surfaces contacting non-fluoride releasing restorative materials.51-54  
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In addition to the action of glass ionomer fluoride release inhibiting demineralisation and 
promoting  remineralisation of tooth structure, glass ionomer fluoride release can contribute to 
caries inhibition through reducing the proportion of mutans streptococci in plaque on or adjacent to 
glass ionomer restorations.61-63 However it is suggested that unless a regular fluoride recharge 
regimen is undertaken, due to the decline in fluoride release levels following the initial ‘burst’ 
fluoride release, the antimicrobial activity of glass ionomers is likely to have a relatively limited 
effect on S.mutans levels in dental plaque.4 
 
Adhesion to tooth structure 
A distinguishing characteristic of glass ionomers is their capacity to chemically adhere to 
tooth structure. Following removal of the smear layer through application of a weak acid to the 
tooth surface, the bonding mechanism commences as unreacted polyalkenoic acid of the liquid 
contacts the tooth surface. The action of the acid causes displacement of the phosphate and calcium 
ions from the apatite crystals of dental hard tissues. This occurs simultaneously with the release of 
cations [Ca 2+, AI 3+] and anions [F-] from the setting cement due to the action of the polyalkenoic 
acid on the glass particles. The final set material thus adheres to the tooth interface as ion exchange 
and polyalkenoate cross linking occurs between the cement and tooth structure to attain charge 
neutrality. This process is described as a ‘diffusion based adhesion’.3, 34  
 
Aesthetic characteristics 
The aesthetic characteristics of glass ionomers are affected by the water balance and water 
exchange of the material. As fluid uptake and fluid movement out of a glass ionomer occurs, changes 
in restoration colour and translucency can follow.64 While improvements in glass ionomer colour 
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stability and translucency have taken place with time, these qualities continue to be inferior to those 
of current generation resin composites and tooth structure. The aesthetics of a glass ionomer 
restoration can also be affected by the surface of glass ionomers being damaged by low pH solutions 
such as acidulated fluoride, acidic food stuffs and lactic acid produced through the caries process.65 
Further, due to the nature of the glass ionomer hydrogel; it is difficult to attain a surface finish of 
glass ionomers that is comparable to that of tooth structure.  
 
Fracture Resistance 
A significant limitation in the clinical application of glass ionomers is their susceptibility to 
brittle fracture. Compared to universal composites and dental amalgam, glass ionomers lack 
strength and elastic modulus.66 Consequently glass ionomers have limited application in areas of 
heavy occlusal load or bending.  
 
Abrasion Resistance 
The abrasion resistance of glass ionomers improves considerably with time; however the 
resistance to abrasion remains far less than that of resin composites and dental amalgam.67, 68 The 
lack of abrasion resistance combined with the brittleness of glass ionomers to make them unsuitable 
for load bearing restorations and can impact the aesthetic quality of placed restorations over time.  
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3.4 RESIN MODIFIED GLASS IONOMERS 
Definition and development  
In an attempt to overcome some of the physical and aesthetic limitations of glass ionomers, 
yet maintain the benefits of fluoride release and adhesion to tooth structure, Mitra successfully 
facilitated the addition of resin to glass ionomer components to form a new material type; Resin 
Modified Glass Ionomers (RMGI).40,69 By definition resin modified glass ionomers are those 
restorative materials in which the acid-base reaction of conventional glass ionomers is 
supplemented by the polymerisation reaction of included resin monomers.70 The first RMGIs were 
commercially available in the 1980’s. 
 
Composition 
RMGIs contain the components of conventional glass ionomers but also include resin 
monomers. The powder component of RMGI’s includes a photosensitiser in addition to fluoro-
alumino silicate glass. The liquid component of RMGI’s contains a polyacrylic acid copolymer 
exhibiting pendant methacrylate groups as well as photo initiators and resin monomers.40, 69, 71 
Hydroxyethyl methacrylate (HEMA) is the monomer most commonly included within RMGIs. The low 
water solubility of the base monomers commonly found in resin composites (BisGMA and UDMA) 
makes these molecules unsuitable for use in RMGIs due to the importance of water content in the 
development and maintenance of glass ionomer physical properties. The HEMA within RMGIs 
typically constitutes 10-25% of the liquid component of the unset material.30, 70 To allow 
copolymerisation between the HEMA and the polyacid, pendant methacrylate groups are attached 
to the polyacrylic acid copolymer. 
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Setting reaction  
Resin modified glass ionomers are described as ‘dual cure’ materials as there are two 
mechanisms of setting occurring simultaneously by the components of RMGIs. On combining the 
liquid and powder components of the RMGI, setting will commence via the acid-base reaction 
between the glass particles and polyalkenoic acid. Additionally, from the moment that light 
irradiation commences, polymerisation of the resin component will occur. Co-polymerisation 
between the HEMA and the methacrylate groups of the modified polyacrylic acid will also take 
place.30 
 
Significant properties of resin modified glass ionomers  
Fluoride release and fluoride recharge 
As with conventional glass ionomers, fluoride ions become present within the polyacrylate 
matrix as a consequence of the action of polyacrylic acid upon the fluoride containing glass particles 
during setting. Resin modified glass ionomers have been shown to demonstrate comparable fluoride 
release to conventional glass ionomers.72 However, it has been observed that as the resin content 
within an RMGI increases, fluoride release levels correspondingly decrease.73, 74 
Like conventional glass ionomers, RMGIs exhibit their greatest fluoride release during the 
first 24 hours after initial set with the rate of release continually decreasing until a plateau is reached 
by 10-21 days.43, 44 It has been shown that daily fluoride release levels from RMGIs decline from 8-
15ppm after 24 hours to 1-2ppm after 7 days.44, 75  
Resin modified glass ionomers also have the capacity to be recharged, that is to uptake 
fluoride ions made available to its surface.41 However, the lower permeability of RMGIs compared to 
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conventional glass ionomers results in RMGIs demonstrating a reduced ability to uptake salivary 
fluoride in comparison to conventional glass ionomers.49, 50  
 
Caries inhibitive activity  
The fluoride release from RMGIs has been shown in vivo and in vitro to reduce caries 
incidence at the margins of RMGI restorations and on surfaces in contact with RMGI restorations. It 
has been demonstrated that the fluoride release from RMGIs is sufficient to inhibit the progression 
of artificial caries.76 It has also been observed that the fluoride release from RMGIs can result in 
remineralisation of demineralised tooth structure at restoration margins. At the margins of RMGI 
restorations exposed to a demineralising solution, the depth of marginal carious lesions has been 
observed as 75% less than at the margins of non fluoridated composites, under the same 
conditions.46,56,77 Long term clinical trials have also demonstrated that unrestored surfaces in contact 
with RMGIs can exhibit a lower progression and lower incidence of new carious lesions in 
comparison to unrestored surfaces contacting non-fluoride releasing restorative materials.51, 54, 78  
 
Adhesion to tooth structure 
The mechanism of adhesion undergone by RMGIs is the same as that demonstrated by 
conventional glass ionomers. Following action of polyacrylic acid on tooth structure, ion cross linking 
between the hydroxyapatite of tooth structure and the salt matrix of an RMGI will take place. While 
it has been demonstrated that the resin component of RMGIs can penetrate into dentine tubules in 
a manner similar to composite resins,79 because the total resin content within the RMGIs is low (5-
18%) in comparison to resin composite adhesives, resin penetration into dentine tubules does not 
act to substantially increase RMGI adhesion.79 
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Improved physical properties through improved water balance maintenance 
The addition of resin to glass ionomers enables the setting material to resist water uptake 
and minimise material dehydration, potential problems affecting conventional glass ionomers.34 
Maintaining the water balance of glass ionomer based materials is essential for the optimal 
development of physical properties.80 Water uptake by a glass ionomer in the first 24 hours post 
setting can disrupt the susceptible Ca2+-polyacrylate chains being formed and therefore disrupt 
matrix formation. Additionally, long term excessive water loss will impact the formation of AI 3+- 
polyacrylate chains, which form subsequent to Ca2+cross linking. The improved water balance 
demonstrated by RMGIs compared to conventional glass ionomers is responsible for RMGIs 
exhibiting improved physical properties compared to conventional glass ionomers, however the 
physical properties of RMGIs remain inferior in comparison to those of conventional composites.80  
 
Aesthetic properties 
The inclusion of resin within glass ionomers allows RMGIs to demonstrate a greater shade 
variety, improved shade matching to tooth structure and a smoother surface finish in comparison to 
conventional glass ionomers. The more favourable water balance exhibited by RMGIs in comparison 
to conventional glass ionomers enhances RMGI translucency. While an improvement on 
conventional glass ionomers, the colour match, translucency and surface finish of RMGIs is still 
below that of composite resins.81  
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Conclusion 
Despite resin modified glass ionomers being able to demonstrate significant fluoride release 
and fluoride recharge capability in addition to improved aesthetic and physical properties in 
comparison to conventional glass ionomers, the use of RMGIs remains limited to a small number of 
clinical situations. RMGIs remain unsuitable for restoration of aesthetically critical cavities; resin 
composites being a superior alternative. Additionally, even though resin addition has improved the 
physical properties of RMGIs, the use of RMGIs in load bearing situations cannot be recommended; 
dental amalgam and resin composites being regarded as more suitable. The use of RMGIs therefore 
is confined primarily to restoration of class V lesions in high caries risk patients, where restoration 
fluoride release can provide substantial benefit.  
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3.5 POLY ACID MODIFIED RESIN COMPOSITES (COMPOMERS) 
Definition and development 
The physical and aesthetic limitations of RMGIs combined with the continued desire of 
clinicians for a restorative material with fluoride release and fluoride recharge capability resulted in 
development of poly acid modified composites or ‘compomers’ in the 1990’s. The term ‘compomer’ 
is derived from these materials being an attempt to combine composite and glass ionomer 
technologies.82  
 Compomers are essentially resin composite materials containing fluoride leachable glasses 
embedded within a polymeric matrix.83 Compomers differ from glass ionomers in at least three  
ways.83 Firstly the glass particles within compomers are partially silanised to enable bonding to the 
resin matrix. Secondly, the compomer matrix is formed primarily during light activated monomer 
polymerisation rather than an acid-base reaction. Thirdly, compomers contain no water prior to 
setting. Compomers differ to conventional resin composites as a proportion of the monomers within 
compomers are bi-functional; containing two carboxylic groups.83  
 
Composition and setting reaction 
Compomers contain the four foundational components of conventional resin composites; 
organic resin (BisGMA, UDMA), inorganic filler, reaction initiator and reaction accelerator. 
Significantly however, additional components are included within compomers to facilitate fluoride 
release. In addition to containing calcium-aluminium-fluoro-silicate glass filler particles, within the 
organic phase of compomers exist bi-functional monomers containing two carboxylic groups.83 
These bi-functional monomers can therefore react simultaneously with available methacrylate 
monomers through radical polymerisation and with liberated cations from the ion leaching filler 
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particles made available following the action of absorbed water. The initial absence of water within 
the constituents of compomers limits the number of ionic bonds that are formed during initial 
setting and results in light initiated polymerisation being essential for compomers to complete their 
setting reaction.84  
 
Significant properties of compomers 
Fluoride release, fluoride recharge and caries inhibition 
The ion leachable fluoride containing glass fillers within compomers provide a capacity for 
compomers to exhibit fluoride release. Unlike glass ionomers, compomers do not display an initial 
high ‘burst ‘of fluoride.85, 86 Instead the fluoride release by compomers is relatively constant with 
ageing 86,87 and has been shown to be lower than the fluoride release exhibited by RMGIs and 
conventional glass ionomers.85, 87-89 The absence of free fluoride within compomers and the absence 
of water until after curing to react and enable diffusion of any present fluoride, is responsible for this 
lack of initial fluoride burst.83  
The greater hydrophilicity of glass ionomers compared to that of compomers allows greater 
fluoride release from glass ionomers. Cumulative fluoride release from compomers into deionised 
water has been shown to be 0.08-0.12mg/mm2 after 1 week and 0.39-0.41mg/mm2 after 3 
months.39 Importantly, from the point of view of caries inhibition, compomers have a demonstrated 
ability to sustain fluoride release long term; fluoride release has been shown to continue after 3 
years of observation.89, 90 This fluoride releasing ability has resulted in a demonstrated reduction of 
artificially generated carious lesions at the margins of compomer restorations by up to 35% 
compared to non fluoridated composites. 46, 56, 82, 91, 92 
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Compomers are able to uptake fluoride for re-release following fluoride application. 
Beneficially, compomers have demonstrated a capacity of long term fluoride recharge, such 
recharge being substantially greater than that observed for non fluoridated composites but less than 
conventional glass ionomers.49  
 
Adhesion to tooth structure 
Compomers are required to adhere to tooth structure in the same manner as conventional 
composites; namely through micromechanical retention following surface (enamel/dentine) 
treatment (as described in section 3.2). The limited acid base reaction within compomers minimises 
the capacity for compomers to bond to tooth structure via ion exchange.93  
 
Physical properties 
The need for compomer resin matrices to uptake water in order for fluoride release to occur 
impacts compomer physical properties. It has been shown that compomers absorb ten times the 
volume of water absorbed by conventional resin composites.94 Importantly, absorbed water within 
compomers can act as a plasticizer of the resin matrix, so reducing the flexural strength and flexural 
modulus of compomers. Additionally, the intended action of the absorbed water, surface dissolution 
of the fluoride containing glass filler particles, results in degradation of compomer physical 
properties over time. Filler particle surface dissolution can cause destruction of the adhesion 
between the filler particles and the resin matrix of a compomer;94 the siliceous gel formed on the 
surface of the fillers particles34 is not of sufficient strength to facilitate adequate glass-matrix 
attachment and itself is susceptible to hydrolytic break down with time.95  
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The effect upon compomer physical properties of declining adhesion between the resin 
matrix and filler particles following water uptake is compounded by the lower strength of ionic 
bonds. As mentioned previously, ionic bonds are formed between the carboxylic groups of the 
bifunctional monomers within the compomer matrix and released cations from partially dissolved 
filler particles. The strength of an ionic bond approaches only one tenth of the strength of a covalent 
bond. This differential results in the strength of compomer matrices being less than the strength of 
matrices of conventional composites.94 
 
Aesthetic characteristics 
The immediate aesthetic characteristics of compomers mimic those of conventional resin 
composites. Thus, excellent colour match, translucency and surface finishing are achievable 
following compomer placement. However, as with the effect on physical properties, the aesthetic 
characteristics of compomers are also affected by water sorption. As water is absorbed and then re 
released from compomers, retention of pigment and colour stability is compromised over time.96, 97 
 
Conclusion 
The ability for compomers to demonstrate fluoride release and fluoride recharge in addition 
to improved aesthetics and physical properties in comparison to RMGIs, resulted in compomers 
commonly being the material of choice for practitioners during the 1990’s when restoring  load 
bearing and aesthetically critical cavities in high caries risk patients. However, the widespread use of 
compomers was short lived as the issues of mechanical and aesthetic instability associated with the 
necessary water uptake by compomers, was observed over time. Ultimately the limitations of 
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compomers highlighted that the challenge of developing an aesthetic restorative material with 
fluoride releasing capability had not yet been overcome and further investigation was needed.  
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3.6 GIOMERS  
Definition and development  
In 2002, the most recent attempt to combine the constituents of glass ionomers within an 
organic resin matrix was attempted.  Stimulated by the limitations of compomers, the benefits of 
fluoride release from glass ionomers and the susceptibility of conventional resin composites to 
recurrent caries failure, Pre-reacted glass ionomer filler particles were developed for integration 
within a resin matrix. The integration of Pre-reacted glass ionomer (PRG) particles within a resin 
matrix was undertaken to produce direct restorative materials with the potential to exhibit fluoride 
release as well as demonstrating aesthetic and handling properties comparable to conventional 
composites. Materials exhibiting such a composition are given the label: ‘giomer’. More specifically 
giomer (glass ionomer + polymer) materials can be defined as those resin polymer materials 
containing Pre-reacted glass ionomer filler particles.98 Giomers therefore differ from compomers as 
the glass ionomer hydrogel within giomers is present prior to resin polymerisation and any water 
uptake by the cured material.83  
 
Composition  
Pre-reacted glass ionomer particles: 
The production of PRG particles commences with the acid-base reaction in the presence of 
water between polyacrylic acid and glass prepared from a mixture of alumina, silica, aluminium 
fluoride and calcium fluoride.98, 99 This process is the same reaction that occurs in the formation of 
conventional glass ionomers, however it is carried out in a quantity of water greater than that used 
in conventional glass ionomer reactions so to limit the presence of unreacted glass residue.98 The 
reaction occurs over several days in a pressurized autoclave at a temperature of up to 70°C and on 
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completion a wet siliceous hydrogel is produced. As the acid-base reaction nears completion, the 
water contained within the hydrogel is removed through a process of freeze drying. The resulting 
product, labelled a xerogel, 98 is milled to form PRG filler particles. The size of the PRG particles 
produced following milling ranges from 0.01-100 μm; the preferable range of particle sizes being 
0.05 µm to 30 µm with 0.1 µm to 10 µm being most desirable.98, 100  
On completion of the milling process, the surface hydrogel layer of the PRG particles can be 
treated. The presence or absence of particle surface treatment results in the formation of two 
categories of  Pre-reacted glass ionomer particles; Full Reaction PRG particles (FPRG) which are not 
exposed to additional surface treatment and Surface Reaction PRG particles (SPRG) which are 
subjected to surface treatment prior to integration into a polymer matrix.  The surface treatment of 
SPRG particles is affected using a silane coupling agent; γ-methacryloxypropyl trimethoxysilane. This 
surface treatment functions to reinforce and protect the surface hydrogel exhibited by SPRG 
particles in addition to facilitating resin matrix-particle adhesion. Importantly, the resulting surface 
silicon dioxide layer of SPRG particles is porous. This surface porosity facilitates ion exchange from 
the filler particles into the surrounding resin matrix. The composition of the glass, the type of 
polyalkenoic acid and the xerogel drying conditions all affect the final pore volume.98 Notably, since 
PRG particles are vulnerable to heat, the silane coupling treatment is completed at a temperature 
less than 100°C, rather than above 100°C; the conditions under which silane treatment occurs for 
conventional resin composites.98 
The process of silane coupling results in the dimensions of the hydrogel layer surrounding 
SPRG particles to be thinner than that surrounding FPRG particles.98 This reduction in hydrogel 
thickness and the presence of silane coupling enables resin composites containing SPRG particles to 
exhibit filler loading volumes comparable to conventional composites suitable for load bearing 
restorations. To date only two resin composites containing SPRG particles have been marketed; 
Beautifil and Beautifil II; Beautifil II being the most recently produced. Beautifil II contains 83%   
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SPRG filler particles by weight. Notably, very limited data has been reported on the properties           
of Beautiful II specifically and SPRG containing materials more broadly. Consequently a 
comprehensive statement on the limitations, potential benefits and potential clinical indications of 
resin composites containing SPRG particles could not be made prior to the present study. 
 
Figure 3.2. Image of an SPRG particle. Used with permission; Dr Akimoto, Department of Operative 
Dentistry, Tsurumi University School of Dental Medicine, Yokohama, Japan. 
 
Resin Component 
The resin component of composites containing PRG particles needs to satisfy the same 
parameters as the resin component of conventional resin composites. Therefore it requires a 
suitable viscosity to enable clinical handling; it must bind to the treated PRG filler particles and be 
compatible with the filler so that a stable dispersion may be formed; it must be strong and stable in 
the oral environment.5 BisGMA and TEGDMA constitute the resin component of Beautifil II. 
 
Glass ionomer hydrogel layer 
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Potential significant properties of giomers 
Through integration of Pre-reacted glass ionomer particles within a resin matrix the resulting 
restorative material has the potential to demonstrate fluoride release and fluoride recharge 
capability while simultaneously exhibiting mechanical properties, aesthetic qualities and handling 
characteristics comparable to that of conventional composites. Consequently, resin composites 
containing PRG particles have the potential to be an ideal restorative material for restoring load 
bearing and aesthetically critical cavities in high caries risk patients; situations in which favourable 
aesthetics and restorative material fluoride release is advantageous.31, 32, 53, 54, 78, 91, 101 but where glass 
ionomer placement is contraindicated.102, 103 However, very limited investigation of the properties of 
composites containing PRG particles has occurred to verify this potential. The following review of the 
currently available data pertaining to composites containing PRG particles demonstrates this. 
 
Review of the literature: Properties of resin composites containing PRG particles  
Fluoride release and fluoride recharge 
Investigation of the fluoride releasing ability of PRG containing composites has been an area 
of interest since their introduction into dental practice in 2002. Prior to the present study 
commencing, five studies had been undertaken analysing the fluoride release of composites 
containing PRG particles. Since the commencement of the present study in 2008, a further three 
studies have been published.   
The short term (0-70 days) fluoride releasing ability of Reactmer Paste (Shofu Co., Kyoto, 
Japan), a resin composite containing FPRG filler particles and SPRG containing Beautifil has been 
established. Yap et al 86 reported that Reactmer Paste continued to release fluoride for 28 days at a 
level exceeding that of the compomer Dyract AP.86 Building on this work Itota et al 104 observed that 
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Beautifil and Reactmer Paste exhibited a sustained fluoride release over 70 days in distilled water. 
The level of release by Reactmer Paste exceeded that of Beautifil. Likewise the release by Beautifil 
exceeded that of Unifil S (a fluoride containing resin composite). Itota attributed greater fluoride 
release by Reactmer Paste to the more hydrophilic nature of its HEMA containing matrix.104 
Itota et al 104 also observed that the amount of fluoride released by aged UniFil S and 
Beautifil specimens markedly increased in acid solution. Conversely Reactmer Paste and Ketac-Fil 
showed no such increase in fluoride release after acid immersion. These results suggested that the 
nature of the fluoridated glass filler within a resin composite and the way in which the material 
interacts with an acidic environment affected the amount of fluoride released. Itota et al 104 asserted 
that the thick glass ionomer hydrogel layer surrounding FPRG particles in Reactmer Paste functioned 
to protect Reactmer Paste filler particles to a greater extent than the hydrogel surrounding SPRG 
particles, which is comparatively thinner.      
The potential for the fluoride released from resin composites containing PRG particles to 
facilitate caries inhibition was also investigated by Gonzalez et al 105 who subjected cervical cavities 
restored using Reactmer Paste to an artificial caries environment over 14 days. Gonzalez et al 
observed remineralisation of both wall lesions and outer lesions surrounding Reactmer restorations 
in enamel and dentine following the acidic insult.105  
The short term fluoride recharge ability (after 21 days) of Reactmer Paste and Beautifil has 
also been demonstrated. After 21 days ageing in distilled water, Okuyama et al 106 exposed both 
Beautifil and Reactmer to 1000ppm NaF solution for 5 minutes once a day for 14 days. Okuyama et 
al used RMGI Fuji II and fluoride containing composite Unifil S for comparison. It was found that in 
the day immediately following the first fluoride immersion, there was no difference between the 
fluoride released by RMGI Fuji II LC and Reactmer Paste, though a significant difference existed in 
the level of fluoride re-release from RMGI Fuji II LC and Reactmer Paste for the subsequent days. 
Beautifil exhibited fluoride re-release at levels greater than Unfil S in the days following fluoride 
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recharge. Likewise, Itota et al 107 observed that following fluoride recharge (250ppm F solution for 1 
hour) Reactmer Paste showed a greater amount of fluoride re-release in comparison to the 
compomer Dyract AP and the fluoride containing composite Xeno CF. Itota concluded that this 
observed difference was a result of the greater quantity of glass ionomer phase within Reactmer 
Paste compared to the Dyract AP and Xeno CF.107 
However, despite the preceding evidence no independent studies currently exist which have 
established the fluoride release profile of Beautifil II; the most recently developed SPRG containing 
resin composite and the only PRG containing material currently available and capable of being 
employed in load bearing cavities.108 Further there have been no reports examining the ability of 
composites containing PRG materials to maintain fluoride release and fluoride recharge capability 
despite long term ageing. This is highly significant as a restorative material must be able to exhibit a 
sustained release of fluoride over time in order for the fluoride release from a restorative material to 
inhibit demineralisation and promote remineralisation of dental tissues. As alluded to previously, the 
carious process is a series of episodes of remineralisation and demineralisation occurring over 
time.21 Therefore unless a restorative material is able to provide a continual source of fluoride to 
marginal and contacting tooth structure over the life span of a restoration, the action of a material 
to release (and re- release) fluoride has limited value.  
 
Physical properties 
Prior to the commencement of the present study, only two investigations on the physical 
properties of PRG containing composites had been reported. Yap et al 109 observed that after 30 days 
ageing in distilled water and following thermocycling for 5000 cycles [35oC(28sec), 15oC (2sec), 
35oC(28sec), 45oC(2sec)] Beautifil exhibited a significantly greater hardness value and maintained a 
higher modulus in comparison to the composites (Esthet-X, Admira) and compomer (Dyract) 
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assessed. However, somewhat conflictingly, Mohamed-Tahir et al 110 observed that the micro 
hardness of compomer Dyract Extra and giomer Beautifil declined to a greater degree in comparison 
to conventional composites following ageing in solutions of pH 2.5-7.  
Since the commencement of the present study, two further assessments of giomer 
mechanical properties have been undertaken. During Lien’s et al 111 investigation of the physical 
properties of Silorane, it was observed that the hardness and tensile strength of Beautifil II exceeded 
that of Silorane and the assessed compomer (Dyract Extra) immediately post curing. Further, the 
immediate fracture toughness and flexural modulus of Beautifil II was not statistically different to 
the other assessed methacrylate resin composites (Filtek Supreme, Filtek Z250, Esthet-X). In 2009, 
Scougall-Vilchis et al observed that the surface hardness value of Beautifil II was comparable to that 
of Filtek Supreme and Filtek Z250 (83.0±3.2 HV), following 40 second halogen light curing.112 As a 
result Scougall-Vilchis et al asserted that these three composite resins (Beautifil II, Filtek Supreme 
XT, Z250) can be successfully used as ‘universal restoratives’, including in the restoration of posterior 
cavities needing to withstand high occlusal forces.   
However despite these investigations, no examination of the physical properties of PRG 
containing materials over long term ageing has taken place.  Such analysis is important to identify 
any impact that fluoride release and concurrent water sorption has on the mechanical properties of 
PRG containing composites. Additionally no study has assessed the effect of fluoride recharge upon 
the mechanical properties of PRG containing restorative materials.   
  
Aesthetic characteristics  
It has been asserted that the aesthetic qualities of composites containing PRG particles are 
comparable to that of conventional resin composites. Four studies assessing giomer surface quality 
have been undertaken to test this assertion. The first of these was conducted by Yap et al 113 who 
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found that after three months ageing in distilled water, the surface finish of Reactmer Paste was 
significantly better in comparison to the assessed conventional and resin-modified glass ionomers 
and was comparable to the composite and compomer evaluated. Further, Yap et al observed that 
the surface quality of Reactmer Paste was not significantly affected by the three months storage. 
However should giomers be exposed to surface insult, a decline in surface characteristics is possible. 
Kimyai et al 114 observed that different dental prophylaxis methods resulted in an increased surface 
roughness of giomer Beautifil II compared with a control composite; prophylaxis using  an air 
powered polishing device  exerted the most detrimental effects on the surface of Beautifil II.114 
Additionally  Mohamed-Tahir et al 115 found that at lower pHs the surface roughness of giomer 
(Beautifil) and compomer materials was affected to a significantly greater extent than that of 
conventional composites, though the surface smoothness following acidic insult of giomers was far 
superior to that of the assessed glass ionomer. Minami et al 116 also found that insult affected the 
surface characteristics of giomers.116 Minami observed that thermocycling resulted in filler particle 
dislodgement and subsequent surface roughness for seven resin composites tested, including 
Beautifil II.116 
 
Water expansion and dimensional change 
Analysis has indicated that both the resin component and the nature of the PRG filler 
particles influence the level and effect of water uptake by giomers. McCabe et al 117 observed that 
Reactmer Paste, which contains hydrophilic Hydroxyethylmethacrylate (HEMA), absorbed a greater 
quantity of water with ageing compared to conventional resin composites and giomer Beautifil II, 
which contain a more hydrophobic dimethacrylate based matrix. McCabe et al also observed that 
Reactmer Paste underwent a greater level of water induced expansion compared to Beautifil II, the 
assessed composites and compomer, Dyract. It was suggested that the presence of the large 
hydrogel zone surrounding the FPRG particles within Reactmer Paste was responsible for generating 
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an osmotic pressure which caused greater water sorption and material swelling of Reactmer Paste in 
comparison to compomers and conventional resin composites. Huang et al 118 has reported similar 
observations. In a study examining the hygroscopic expansion of both Beautifil and Reactmer Paste, 
Huang observed the uptake of fluid by Reactmer Paste to be greater than that of the tested 
compomer. However, the water uptake by Beautifil was less than that of the tested compomer and 
comparable to the assessed composites.  
Consequently while both Huang and McCabe have concluded that composites containing 
SPRG particles have greater dimensional stability relative to compomers, due to the need for 
giomers to absorb oral fluid to facilitate fluoride release and fluoride recharge, further study of the 
effect of long term water storage on the physical properties of giomers is necessary to ensure the 
longevity of PRG containing composite restorations.  
 
In vivo evaluations  
At present four in vivo studies evaluating PRG containing composites have been reported, 
each examining cavities restored using Beautifil (first generation SPRG containing giomer).108, 119-121  
Gordan et al119 evaluated 26 Class I and 35 Class II cavities restored using Beautifil over an eight year 
period. During the eight years, no changes were detected with respect to surface roughness, 
postoperative sensitivity or recurrent caries and none of the 61 restorations were deemed as 
‘failed’. Matis et al 120 reported similar findings following observation of 80 class V cavities restored 
using Beautifil (n=40) and a micro-filled composite (n=40). At 36 months, the giomer and microfilled 
composite restorations were not significantly different from one another in any of the eight criteria 
evaluated. Wilson et al’s121 study monitoring 72 Class II and 36 Class I Beautifil restorations over 
three years also indicated that giomer restorations are capable of maintaining integrity in vivo. A 
total of five restorations were found to fail during the study. Alpha ratings at three years were: 
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marginal adaptation (occlusal) 78%; marginal adaptation (proximal) 97%; anatomic form (occlusal) 
99%; surface roughness (occlusal) 100%; sensitivity 100%; secondary caries 100%. In addition, 
Sunico’s et al 108 evaluation of 20 occlusal cavities restored using Beautifil reported no failures after 
two years. 
The promising results from these in vivo studies provide justification for further examination 
of the characteristics of giomers in order to better understand the potential for Pre-reacted glass 
ionomer filler particles to improve the performance of direct resin composite restorations. 
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Conclusion 
Therefore in light of the current literature, to appropriately understand the potential benefits 
and limitations that inclusion of Pre-reacted glass ionomer particles within resin composites can 
cause, further investigation of the properties of composites containing PRG particles is necessary in 
the following areas:  
• Fluoride release; Daily fluoride release profile and assessment of long term fluoride release 
sustainability.  
• Fluoride recharge; Effects of regular fluoride recharge on fluoride re-release behaviour and 
capacity to sustain fluoride recharge capability despite long term ageing. 
• Mechanical properties; Stability of mechanical properties in the context of long term fluoride 
release, long term fluoride recharge, long term ageing and water sorption.  
• Polymerisation contraction; Polymerisation contraction profile in comparison to conventional 
and ‘low shrinkage’ resin composites.    
• Handling qualities; Relationship between handling characteristics and clinical acceptability 
• Adhesion to dentine; the adhesive stability to dentine of adhesive resins containing PRG particles 
in the context of ageing and exposure to regular fluoride application (recharge). 
The present study was undertaken to analyse each of these six areas. The remainder of this 
thesis reports the findings from these analyses, commencing with a description of the fluoride 
release, fluoride recharge and mechanical property stability of the most recently developed resin 
composite containing PRG particles, Beautifil II. 
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IN VITRO ANALYSIS OF THE FLUORIDE RELEASE, FLUORIDE RECHARGE AND 
MECHANICAL PROPERTY STABILITY OF UNIVERSAL RESIN COMPOSITES 
CONTAINING PRE-REACTED GLASS IONOMER FILLER PARTICLES 
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4.1 CHAPTER PREFACE  
Analysis of the fluoride release, fluoride recharge and stability of mechanical properties of resin 
composites containing Pre-reacted glass ionomer particles was completed in two stages to allow both 
the daily behaviour and the long term behaviour of PRG containing composites to be examined. The 
results of these two stages are correspondingly presented in two parts (Part A and Part B) within 
Chapter 4. 
During the first stage of investigation, the findings from which are presented in Chapter 4 Part A, 
the fluoride release and fluoride recharge capability of ‘universal’ giomer Beautifil II was assessed over 
two months. This analysis was to ascertain the daily fluoride release profile of giomers and compare this 
to the fluoride release pattern of two fluoride containing composites (Gradia Direct X and Tetric 
EvoCeram) and a glass ionomer (Fuji IX Extra). Evaluation of the fluoride release profile of giomer 
Beautifil II was undertaken at a pH above and below that reported as needed to initiate caries. The 
profile of fluoride re-release from Beautifil II following episodes of repeated fluoride application 
(recharge) was also undertaken as part of stage I. To complete stage I of investigation, the mechanical 
properties of giomer Beautifil II were examined over a three month ageing period.    
The contents of Chapter 4 Part A is a direct transcript of the article titled: Fluoride release, 
recharge and mechanical property stability of various fluoride containing resin composites  for which 
Naoum S, the author of the present thesis, was the primary author. This article was published in 
Operative Dentistry in July 2011. A copy of the published article as it appears in Operative Dentistry 
features in Appendix I. Importantly, due to the parameters of manuscript length and the importance of 
the issue of recurrent caries for the editors of Operative Dentistry, the emphasis of the relevance of the 
fluoride released from giomer Beautifil II centred on potential inhibition of recurrent caries rather than 
potential inhibition of caries affecting unrestored contacting interproximal surfaces. 
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The findings from the second stage of assessment of the fluoride release, fluoride recharge and 
mechanical property stability of resin composites containing PRG particles is presented in Chapter 4 Part 
B. The focus of the second stage of the study was to assess the ability of giomers to maintain fluoride 
release and fluoride recharge capability despite long term (18 month) ageing. The capacity for a 
restorative material to maintain a continual release of fluoride over time holds great significance due to 
the dynamics of the carious process; development of a carious lesion results from episodes of tooth 
demineralisation exceeding remineralisation over time rather than a single event of demineralisation at 
a single point in time. 
 In addition to analysing the long term fluoride release and fluoride recharge behaviour of 
composites containing PRG particles, an assessment of the long term stability of the mechanical 
properties of resin composites containing PRG particles was completed as part of the second stage of 
assessment; the hardness and elastic modulus of Beautifil II was assessed over 18 months. Further, the 
effect of fluoride recharge on the mechanical properties of PRG containing composites was assessed 
during stage 2.  
The contents of Chapter 4 Part B are a direct transcript of the manuscript titled: Long term 
fluoride exchanges at restoration surfaces and effects on surface mechanical properties for which 
Naoum S, the author of the present thesis, is the primary author. This article is currently being reviewed 
for publication. As the studies in Chapter 4 Part A emphasised the effect of giomer fluoride release upon 
recurrent caries inhibition, the focus of the discussion in Chapter 4 Part B was to consider the potential 
effect of PRG particle fluoride release and fluoride recharge upon caries development and progression 
at unrestored interproximal surfaces in contact with resin composite restorations. 
 CHAPTER 4 
PART A 
ANALYSIS OF THE DAILY FLUORIDE RELEASE PROFILE, THE DAILY FLUORIDE 
RECHARGE PROFILE AND MECHANICAL PROPERTY STABILITY OF A UNIVERSAL 
RESIN COMPOSITE CONTAINING PRE-REACTED GLASS IONOMER PARTICLES 
 
Published in Operative Dentistry, July 2011 
75 
4A.1 ABSTRACT  
Aim:  To determine the fluoride release and fluoride recharge of three fluoride containing resin 
composites when aged in deionised water (pH 6.5) and lactic acid (pH 4.0) and to assess the mechanical 
properties of these composites with ageing.  
Methods: Three fluoride containing resin composites were analysed in this study; Beautifil II, Gradia 
Direct X and Tetric EvoCeram. A glass ionomer cement; Fuji IX Extra was also analysed for comparison. 
Specimens were fabricated for two test groups: Group 1 included 10 disc specimens initially aged 43 
days in deionised water (5 specimens) and lactic acid (5 specimens). The fluoride release from these 
specimens was measured using a fluoride specific electrode on 9 specific test days during the ageing 
period. Following 49 days ageing, each specimen was recharged in 5000ppm neutral sodium fluoride 
solution for 5 minutes. Specimen recharge was then repeated on a weekly basis for 3 weeks. The 
subsequent fluoride re-release was measured at 1, 3 and 7 days after each recharge episode.  
Specimen Group 2 included 6 disc specimens aged for three months in deionised water (3 specimens) 
and lactic acid (3 specimens). The hardness and elastic modulus of each specimen was measured using 
nano-indentation at intervals of 24 hours, 1 month and 3 months after fabrication. Two-way factorial 
analysis of variance (ANOVA) and post-hoc (Tukey) testing was used to assess the influence of storage 
media (2 levels) and material type (4 levels) on the fluoride release, fluoride re-release, hardness and 
elastic modulus of the assessed materials. The level of significance was set at p=0.05. 
Results:  All three composites demonstrated fluoride release and recharge when aged in both deionised 
water and lactic acid. The cumulative fluoride released from Beautifil II into both media was significantly  
(p<0.05) greater than the fluoride released from Gradia Direct X and Tetric EvoCeram after 43 days 
ageing and was significantly  (p<0.05) greater during several of the 9 analysis periods. Beautifil II 
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demonstrated the greatest recharge ability of the three composites over the 3 week recharge analysis 
period in both media. The fluoride release from Fuji IX Extra was significantly (p<0.05) greater than the 
intrinsic fluoride release (not following recharge) from the three resin composites, however the fluoride 
re-release from Beautifil II in the 24 hours following each of the weekly recharge episodes was 
comparable to the daily fluoride release from Fuji IX Extra after 3 weeks ageing and beyond. 
The elastic modulus and hardness of the three composites did not decrease significantly (p<0.05) with 
fluoride release or fluid uptake over the 3 month ageing period, in either media. 
Conclusions: The three composites in the present study demonstrated fluoride release (Beautifil II > 
Gradia Direct X > Tetric EvoCeram) and fluoride recharge (Beautifil II > Gradia Direct X > Tetric 
EvoCeram) over the analysis period. This capability raises the possibility for cavities restored using 
composites containing fluoridated filler particles to exhibit a lower incidence of recurrent caries when 
compared to cavities restored using non fluoride containing composites. The fluoride re-release from 
Beautifil II following recharge was comparable to the long term plateau release (the fluoride release 
from a glass ionomer after 3 weeks ageing) from Fuji IX Extra. This raises the possibility for the fluoride 
re-release from Beautifil II (following regular recharge) facilitating a caries inhibitive effect comparable 
to that observed and achieved by the intrinsic fluoride released from glass ionomers. The mechanical 
properties of each composite did not diminish with ageing and fluoride release over the testing period.  
Clinical Relevance:  Fluoride containing resin composites and especially those containing Pre-reacted 
glass ionomer filler particles could be employed to great benefit in treating ‘high caries risk’ patients in 
situations where glass ionomers are unsuitable; high load bearing or aesthetically critical locations. 
Key Words: giomer(s), dental composite, fluoride release, fluoride recharge, mechanical stability 
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4A.2 INTRODUCTION   
The incidence of new carious lesions along the tooth-restoration interface and consequent 
undermining of a restoration limits the prognosis of restorative treatment.1,2 Resin composite 
restorations are particularly susceptible to recurrent caries due to polymerisation contraction that 
occurs during curing3  and the difficulty of attaining reliable adhesion between resin composites and 
dentine.4 These phenomena can result in marginal disruption and subsequent marginal biofilm 
formation. Recurrent caries results in significant loss of tooth structure, both through the actual carious 
process and through replacement of affected restorations.  The need to replace a restoration is 
especially destructive for teeth containing a tooth coloured restoration. Such replacement can result in 
an increase in cavity size by up to 37%.5  
Several studies have demonstrated a lower incidence of recurrent caries associated with 
restorative materials capable of fluoride ion release.6-8 The potential for fluoride releasing restorative 
materials to inhibit the initiation and progression of recurrent caries has stimulated the development of 
many new restorative materials over time, including the giomer class of restorative materials. Giomers 
are dental restorative materials containing Pre-reacted glass ionomer (PRG) filler particles within a resin 
matrix.9,10 PRG filler is formed by an acid-base reaction between fluoride containing glass particles 
(fluoro-boro-alumino silicate glass filler) and polyalkenoic acid in the presence of water prior to 
integration into the  resin.11 Two types of PRG filler are available: Surface reaction type PRG filler (S-PRG 
filler), as assessed in this study, and Full reaction type PRG filler (F-PRG filler).  S-PRG filler particles 
exhibit a three layer structure. The glass core is enveloped by a stable glass-ionomer hydrogel. This 
hydrogel is then surrounded by the ‘reforming phase’ which provides structural protection for the 
hydrogel.9 Giomers therefore differ from compomers as the glass ionomer hydrogel within compomers 
forms only after water uptake by the compomer resin matrix following polymerisation.12  
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The chemistry of Pre-reacted glass ionomer particles therefore has the potential to facilitate 
resin composite fluoride ion release and resin composite fluoride ion recharge. However no study has 
assessed the fluoride release and fluoride recharge capability of composites containing PRG particles 
suitable for load bearing restorations and no study has assessed the effect that fluoride release and 
ageing has on the mechanical properties of giomer materials.  
The aim of this study was therefore to determine the fluoride release and fluoride recharge of 
the most recently developed giomer advocated as suitable for ‘universal’ use when aged in deionised 
water and lactic acid and make comparison to fluoride release and fluoride recharge levels of fluoride 
containing composites and glass ionomers. A further aim of the present study was to assess the 
mechanical property stability of these materials following ageing and fluoride release.  
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4A.3 MATERIALS AND METHODS:  
Three fluoride containing resin composites were analysed in this study; Beautifil II (Shofu Inc, 
Kyoto, Japan; Lot 060854; A2) containing Pre-reacted glass ionomer filler,  Gradia Direct X (GC Co., Tokyo 
, Japan; Lot 0805142; A3) containing fluoro-alumino-silicate glass and Tetric EvoCeram (Ivoclar Vivadent, 
Schaan, Liechtenstein Lot: L24180; A2) containing fillers holding Ytterbium tri-fluoride. A glass ionomer 
cement; Fuji IX Extra (GC Co., Tokyo, Japan; Lot 0804151; A3) was also analysed for comparison. 
Specimens were fabricated for two test groups. 
Group 1: Fluoride release and recharge 
Ten disc shaped specimens of each material were prepared using a polytetrafluoroethylene 
mould (inner diameter 10.0 mm, thickness 1.5 mm).  A glass plate (thickness 1.0 mm) was placed over 
the dispensed material and finger pressure was applied to each specimen to ensure removal of air and 
material excess. Each composite specimen was cured using a halogen curing light (Optilux 501, Kerr Co., 
Orange, U.S.A) at a measured intensity of 400mW/cm2 (Curing Radiometer, Demetron Research 
Corporation, Danbury, CT, U.S.A) for 40 seconds. Each glass ionomer specimen was retained in the 
mould with a 200g mass maintaining pressure on the glass slide for 10 minutes after mixing. Following 
fabrication, each specimen was placed in an incubator at 37°C and 100% relative humidity for 30 
minutes. The edges of each specimen were lightly polished with dry 600 grit silicon carbide paper prior 
to the dimensions of each specimen being measured using callipers. Following dimension 
measurements, specimens were placed into storage media. The specimens were initially aged in 
individual plastic jars containing 20ml of storage media for 43 days at 37°C. Five specimens of each 
material were aged in lactic acid solution (pH 4.0) and five specimens were aged in deionised water (pH 
6.5) (Milli Q plus, 18.2Mcm, Millipore, New York, NY, U.S.A). Following each measurement of released 
fluoride ions, the storage medium of each specimen was discarded. Specimens were then placed in a 
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clean jar containing 20ml of fresh storage medium. Measurement and subsequent medium replacement 
took place at nine analysis intervals; on days 1, 2, 4, 8, 15, 22, 29, 36 and 43. Following 49 days ageing, 
each specimen was recharged in 5000ppm neutral sodium fluoride solution (NeutraFluor 5000 Plus, 
Colgate, New York, USA) for 5 minutes. Specimen recharge was then repeated weekly for 3 weeks. The 
fluoride re-release that occurred subsequently was measured at 1, 3 and 7 days after each recharge 
episode.    
To determine the release (and re-release post recharge) of fluoride ions, after specimen 
removal, 2ml of Total Ionic Strength Buffer II buffer solution was added to the 20 ml of storage media. A 
fluoride ion selective electrode (Radiometer Analytical, Copenhagen, Denmark) was used to measure 
the fluoride concentration. Standards containing 0.025-0.25mg/L fluoride in 0.025mg/L fluoride steps 
were used for calibration at each testing interval. The results attained were expressed as the quantity of 
fluoride released per unit area of specimen (μg/cm2).  
Group 2: Mechanical properties analysis   
Group 2 comprised six specimens of each material. These were prepared identically to 
specimens of Group 1, except that a mould of dimensions 7.0 mm x 2.0 mm was used for logistical 
reasons.  Importantly, due to the very smooth surface of the pressing glass, each specimen exhibited a 
highly smooth, flat ‘mirror’ surface suitable for nano-indentation without polishing.13 By avoiding 
polishing, a more accurate evaluation of the hardness and elastic modulus of each resin composite was 
able to be attained. The polishing process results in heat production, even if water is used during the 
process, so potentially resulting in additional surface polymerisation. Additionally an applied load of 
50mN was used enabling a substantially larger penetration depth to be achieved compared to any 
specimen surface  roughness.13 Following fabrication, each specimen was placed into 20ml of storage 
media and aged for 3 months; three specimens in deionised water and three in lactic acid. The ageing 
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solutions were renewed monthly.  The hardness and elastic modulus of each specimen was measured 
using nano-indentation at intervals of 24 hours, 1 month and 3 months after fabrication.  
Indentations were made using an ultra-micro indentation system (UMIS 2000, CSIRO, Canberra, 
Australia). A calibrated diamond Berkovich indenter tip was used to apply loads of 50mN, 25μm apart. 
For each indentation, the maximum force was held for 30 seconds before unloading. This hold period at  
maximum load ensured minimal creep during unloading so producing more reliable elastic modulus 
values.14 Sixteen indentations were made on each specimen in a 4x4 array, providing 48 data points for 
each material, from each storage medium at each testing interval. This distribution and number of 
indentations was sufficient to identify any variation in the properties of the material, should a material 
not be homogenous. The hardness and the elastic modulus for each material were calculated using the 
UMIS software. The hardness was calculated by dividing the applied load by the surface area.  The 
elastic modulus was calculated using the equation: 13  
1/Er= (1-vm2)/Em + (1-vi2)/Ei 
Where Er is the reduced modulus from the nano-indenter determined from the recovery rate on 
unloading at maximum load, vm and Em are the Poisson’s ratio and elastic modulus of the composite 
material, vi and Ei are the elastic modulus and Poisson’s ratio of the indenter. A Poisson’s ratio of 0.325 
was used, adapted from Chung et al.15  
Two-way factorial analysis of variance (ANOVA) and post-hoc (Tukey) testing was used to assess 
the influence of storage media (2 levels) and material type (4 levels) on the fluoride release, fluoride re-
release, hardness and elastic modulus of the assessed materials. The level of significance was set at 
p=0.05. 
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Table 4A.1 Materials assessed in this study 
Material Key Contents Manufacturer 
Tetric  EvoCeram  
Lot L24180  
 
Filler particles consisting of barium glass, 
ytterbium trifluoride, mixed oxide and prepolymer, 
unspecified dimethacrylate monomers (17% wt) 
 
Ivoclar Vivadent, Schaan, Liechtenstein 
Gradia Direct X 
Lot 0805142 
Fluoro-alumino-silicate glass, pre-polymerized filler, silica, 
UDMA, unspecified dimethacrylate co- monomers (23%wt). 
 
GC Co., Tokyo, Japan 
Beautifil II  
Lot 060854 
S-PRG glass filler, fluoride containing fluoroboroalumino 
silicate glass filler particles, TEGDMA, BisGMA (17 % wt) 
 
Shofu Inc., Kyoto, Japan 
Fuji IX Extra 
Lot 0804151 
Fluoro-alumino-silicate glass, copolymer of acrylic and 
maelic acid, tartaric acid, water 
GC Co., Tokyo, Japan 
 
S-PRG filler – Surface reaction type Pre-reacted glass ionomer; Bis-GMA; 2, 2-bis [4-(2’-hydroxy-3’-methacryloxy-propoxy) phenyl] propane; 
TEGDMA triethylene glycol dimethacrylate, UDMA urethane dimethacrylate  
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4A.4 RESULTS: 
The results relating to the analysed resin composites will be outlined first, after which a 
comparison to Fuji IX Extra will be undertaken.  
Figure 4A.1 shows the cumulative fluoride ion release from each composite in both media. The 
cumulative fluoride release by giomer Beautifil II into both deionised water and lactic acid exceeded the 
release by Gradia Direct X (water difference : 89%; lactic acid difference: 23% ) and Tetric EvoCeram 
(water difference: 170%; lactic acid difference: 172%) after 43 days ageing. The fluoride release by 
Beautifil II was significantly (p<0.05) greater than the release by Tetric EvoCeram into water during days 
1; 2-15; 22-36 and into lactic acid during days 0-36. The fluoride release by Beautifil II was significantly 
(p<0.05) greater than the release by Gradia Direct X into water during days 1 and 2-15 and into lactic 
acid during days 0-2; 8-15; 29-36. All three composites continued to release fluoride for the 43 days 
ageing period, with the exception of Tetric EvoCeram which stopped releasing fluoride into water after 
36 days. Each composite demonstrated greater fluoride release when aged in lactic acid. The rate of 
fluoride release by each composite in both media decreased with time at a rate approximately 
proportional to the square root of time (x = √t). 
Figure 4A.2 presents the weekly cumulative fluoride ion re-release by each composite aged in 
the different media, following a weekly 5 minute fluoride recharge (5000ppm) in the three weeks 
following 49 days ageing. All three composites demonstrated fluoride recharge; with subsequent re-
release of fluoride following recharge.  The fluoride re-release by Beautifil II was significantly (p<0.05) 
greater than the re-release by Tetric EvoCeram and Gradia Direct X into water between days 0-3 during 
each of the three weeks of recharge analysis. Beautifil II demonstrated the greatest cumulative re-
release of the composites, in both media, at the completion of the 3 weeks; the re-release percentage 
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difference for Tetric EvoCeram being 57% (water) and 76% (lactic acid) and for Gradia Direct X 39% 
(water) and 1% (lactic acid).  
Gradia Direct X and Beautifil II exhibited a greater cumulative re-release into acid compared to 
that into water. With each subsequent fluoride recharge, each composite re-released a greater quantity 
of fluoride in the week following fluoride treatment despite previous ageing. The greatest average daily 
fluoride re-release from each material was during the first 24 hours post recharge (Figure 4A.3).  
Figure 4A.4 shows the hardness and elastic modulus of each composite aged in deionised water 
and lactic acid over 3 months. The hardness of Tetric EvoCeram in water and of Beautifil II in both acid 
and water did not change significantly (p>0.05) over the 3 month ageing period. Likewise no significant 
change was observed in the elastic modulus of Beautifil II and Tetric EvoCeram in acid over the three 
months. A significant (p<0.05) increase in the elastic modulus of Beautifil II and Tetric EvoCeram in water 
and the hardness and elastic modulus of Gradia Direct X in both media was observed after 3 months 
ageing.  
The fluoride release by Fuji IX Extra during the initial 43 days ageing and following fluoride 
recharge was significantly (p<0.05) greater than that of the three analysed composites (Figure 4A.5). 
Notably, the fluoride re-release by Beautifil II in the first 24 hours after each recharge episode was 
comparable to the daily fluoride release by Fuji IX Extra at 21 days ageing and beyond (Figure 4A.5). The 
hardness of Fuji IX Extra, which remained stable in both media over three months ageing, and the elastic 
modulus of Fuji IX Extra was substantially lower than the analysed resin composites at each testing 
interval. In contrast to the resin composites, Fuji IX Extra displayed a significant reduction (p<0.05) in the 
recorded elastic modulus with ageing in both media.  
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Figure 4A.1: Cumulative fluoride ion release by each composite aged in deionised water (W) and lactic 
acid (LA) over 43 days. 
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Figure 4A.2: Weekly cumulative fluoride ion release (µg/cm2) by each composite aged in lactic acid (LA) 
and deionised water (W) after weekly 5 minute fluoride recharge (5000ppm) following 49 days ageing. 
 
Figure 4A.3: Average daily fluoride ion release (µg/cm2) by each composite aged in lactic acid (pH 4) 
following 5 minute fluoride recharge (5000ppm) after 49 days ageing. 
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Figure 4A.4a: Hardness of each composite aged in deionised water (W) and lactic acid (L.A.) over 3 
months.   
 
Figure 4A.4b: Elastic Modulus of each composite aged in deionised water (W) and lactic acid (L.A.) over 
3 months.   
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Figure 4A.5: Average daily fluoride release by Fuji IX Extra aged in deionised water and lactic acid 
(pH4.0) over 43 days ageing. 
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4A.5 DISCUSSION 
In the present study all three fluoride containing resin composites demonstrated fluoride ion 
release and recharge capability. Giomer Beautifil II exhibited the greatest fluoride ion release of the 
resin based materials in both deionised water and lactic acid. The fluoride releasing ability of PRG filler 
particles is the primary reason for this finding; Gradia Direct X, Tetric EvoCeram and Beautifil II have a 
comparable filler loading and resin matrix hydrophobicity. While the filler particles of all three analysed 
composites have the ability to release fluoride into their resin matrix and surrounding media as a result 
of storage media dissolution of filler particle surfaces,16 PRG particles have an additional source of 
fluoride for release; the fluoride complexes within their glass ionomer hydrogel.10  Further, the acidified 
water within the hydrogel surrounding the inner glass of PRG particles facilitates fluoride release 
through continual dissolution of the fluoride containing glass core.17,18  
The greater fluoride release in lactic acid compared to release in water by each composite is 
significant in terms of potential recurrent caries inhibition. This ability indicates that the composites in 
the present study are most capable of providing fluoride to surrounding tooth structure at the moments 
when adjacent enamel is most susceptible to demineralisation. Such ‘smart behaviour’19 points clinicians 
to consider the timing in addition to the quantity of fluoride release when assessing the caries inhibitive 
capacity of fluoride released from fluoride containing restorative materials. 
The ability of a material to exhibit fluoride recharge depends on its ability to retain fluoride.20, 21 
The hydrophobic nature of the resin matrices of the analysed composites implicates the glass ionomer 
hydrogel of PRG particles as the key reason for the additional recharge demonstrated by Beautifil II 
compared to Tetric EvoCeram and Gradia Direct X. The hydrogel of PRG particles exhibits a higher 
permeability and porosity than resin matrices.22, 23 This hydrogel provides Beautifil II with areas within its 
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structure capable of greater fluoride uptake relative to a composite not containing a glass ionomer 
phase.  
The increased level of recharge by each composite with each additional fluoride treatment 
reported in this study, despite ageing, is consistent with previous studies.16, 24 Likewise the positive 
relationship between pre recharge release levels and post recharge re-release levels was in concert with 
previous data.24-26 These findings, point to rechargeabilty being governed by the number of sites 
available within a material able to retain absorbed fluoride.18  
The relationship between the fluoride recharge ability and  pre recharge fluoride release of the 
analysed composites also explains the increased recharge demonstrated by Beautifil II and Gradia Direct 
X in lactic acid compared to water. In contrast to expectations from previous studies however Tetric 
EvoCeram demonstrated a higher recharge capability in water compared to lactic acid. 22,27 Further, 
while exhibiting a greater cumulative re-release in acid by the end of the 3 week recharge analysis, 
Beautifil II demonstrated a greater re-release into water in comparison to re-release into acid during 
three of the nine testing periods. These findings may be a result of the dissolving action of acid 
facilitating additional cation release from the filler within Tetric EvoCeram and Beautifil II. These cations 
have the capability to form fluoride complexes with fluoride ions introduced through recharge into the 
resin.28, 29 Such complexes are of greater molecular size than free fluoride ions and so may experience 
resistance to movement and so increased retention time within the resin matrix. A delayed release of 
such complexes points to a possible enhanced ability of resin composites sustaining a fluoride release 
over time, possibly even increasing with time, and so enhancing the potential of Beautifil II fluoride 
release contributing to recurrent caries inhibition.   
Results of the present study affirm that glass ionomers have a significantly (p<0.05) greater 
fluoride release and recharge capacity relative to the analysed fluoride containing resin composites. This 
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result was expected due to the nature of the setting reaction of glass ionomers. During this reaction, 
polyacrylic acid actively dissolves the fluoride containing glass particles, enabling fluoride ion release.17,30  
This differs to the setting reaction of composites in which no intentional acidic treatment of the glass 
filler particles occurs. Additionally, glass ionomers are significantly more porous and permeable than 
resin composites, this permeability facilitating media interaction with glass particles and therefore 
substantially enhancing glass ionomer fluoride release and recharge.23  
However despite the intrinsic fluoride release from Fuji IX Extra being significantly greater than 
that of the assessed resin composites, the present study indicates that by recharging Beautifil II utilising 
a daily recharge regimen of 5000ppm NaF gel for 5 minutes, a regimen feasibly employed by patients, 
the fluoride release by Beautifil II approaches the daily ‘plateau release’ of Fuji IX Extra. Importantly, it is 
this long term daily ‘plateau release’ from glass ionomers rather than the very high initial ‘fluoride burst’ 
of release which is regarded as contributing to glass ionomer recurrent caries inhibition.31,32 The capacity 
for the fluoride re-release from Beautifil II following fluoride recharge to be comparable to the ‘plateau 
release’ from Fuji IX Extra gains greater relevance when considering the extremely high quantity of 
fluoride released by Fuji IX Extra compared to other glass ionomers that have displayed caries 
inhibition.33 Further, since the advised clinical placement of unfilled resin over glass ionomers reduces 
glass ionomer fluoride release by a factor of 1.5 to 4 times,34-36 it is possible under clinical conditions 
that the daily post recharge fluoride release from Beautifil II could exceed the in situ ‘plateau’ fluoride 
release of glass ionomers. 
Consequently, it follows that fluoride containing resin composites and especially those 
containing Pre-reacted glass ionomer fillers could be employed to great benefit in treating high caries 
risk patients in situations where glass ionomers are unsuitable; high load bearing or aesthetically critical 
locations. To provide the maximum possibility for recurrent caries inhibition, a sustained level of fluoride 
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release by a restorative material is necessary. This requirement arises from carious tooth destruction 
resulting from alternating episodes of demineralisation and remineralisation over time rather than a 
single event of demineralisation at a single point in time.37 From the present study, a regular regime of 
fluoride application (recharge) to placed restorations would enable a sustained fluoride release over 
time from the analysed resin composites. An in vivo study investigating recurrent caries incidence when 
various fluoride recharge regimes are undertaken by patients, could confirm this potential. 
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4A.6 CONCLUSIONS 
Within the limitations of the study presented in Chapter 4 Part A it can be concluded that: 
The three analysed composites each demonstrated fluoride release (Beautifil II > Gradia Direct X 
> Tetric EvoCeram) and fluoride recharge (Beautifil II > Gradia Direct X > Tetric EvoCeram). This 
capability gives potential for teeth restored using the assessed fluoride containing composites to exhibit 
a lower incidence of recurrent caries in comparison to teeth restored using non fluoride containing 
composites. Additionally, in the event of a patient regularly applying topical fluoride to cavities restored 
using giomer Beautifil II, the level of fluoride released from Beautifil II will be comparable to the 
‘plateau’ fluoride release of glass ionomers; the fluoride release level attributed responsibility for any 
reduced incidence of recurrent caries associated with glass ionomer restorations. The mechanical 
properties of each composite did not diminish with ageing and fluoride release over the testing period 
indicating that the process of fluoride release did not detrimentally affect the integrity of the assessed 
composites.  
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 CHAPTER 4 
PART B 
LONG TERM ANALYSIS OF THE FLUORIDE RELEASE, FLUORIDE RECHARGE 
AND MECHANICAL PROPERTY STABILITY OF A UNIVERSAL RESIN COMPOSITE 
CONTAINING PRE-REACTED GLASS IONOMER FILLER PARTICLES 
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4B.1 ABSTRACT   
Aim: The aim of the present in vitro study was to determine whether three fluoride containing resin 
composites could maintain fluoride release, fluoride recharge and mechanical stability over long term 
(18 month) ageing in order to assess whether restoring cavities using fluoridated composites could be 
advantageous when restoring proximal cavities. 
Methods: Fluoride containing composites Beautifil II, Gradia Direct X and Tetric EvoCeram were 
analysed. Glass ionomer Fuji IX Extra was assessed for comparison. Specimens of each material were 
fabricated for two test groups. Group 1 included 5 disc specimens for fluoride release/recharge analysis. 
Material fluoride release was measured bi-monthly for 18 months using an ion specific electrode. After 
18 months ageing each Group 1 specimen was immersed (recharged) in 5000ppm NaF gel for 10 
minutes and the fluoride re-release was measured after a further 2 months ageing. 
Group 2 included 6 specimens for mechanical properties analysis. Nano-indentation was employed to 
determine the elastic modulus and hardness of each specimen at 24 hours and at 1,3,6,12,18 months 
post fabrication. After 18 months ageing each Group 2 specimen was immersed (recharged) in 5000ppm 
NaF gel. The hardness and elastic modulus of each Group 2 specimen was subsequently measured at 24 
hours post recharge.  
Results: Beautifil II and Gradia Direct X maintained fluoride release and recharge capability throughout 
the 18 months ageing. The fluoride release and fluoride recharge capability of Beautifil II was 
significantly (p<0.05) greater than that of Gradia Direct X and Tetric EvoCeram (Gradia Direct X >Tetric 
EvoCeram). The fluoride re-release over 2 months following a 10 minute NaF recharge (at 18 months) 
from Beautifil II was comparable to the long term fluoride release from Fuji IX Extra. Elastic modulus and 
hardness did not change significantly (p>0.05) with fluoride release, recharge and water ageing over 18 
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months for all three analysed composites. The fluoride release and recharge of Fuji IX Extra was 
significantly (p<0.05) greater than the assessed composites. The elastic modulus and hardness of Fuji IX 
Extra was significantly (p<0.05) lower than the three composites. 
Conclusions: The long term fluoride release, fluoride recharge and mechanical property stability of 
Beautifil II and Gradia Direct X renders these materials suitable and potentially advantageous for load 
bearing restorations in ‘high caries risk’ patients. 
Clinical Relevance: The ability for Beautifil II and Gradia Direct X to maintain fluoride release and fluoride 
recharge capability despite long term ageing raises the potential for unrestored tooth surfaces in 
contact with Beautifil II or Gradia Direct X restorations to demonstrate a reduced rate of caries incidence 
compared to unrestored surfaces adjacent to conventional non-fluoride containing composites.  
Key Words: giomer, composite, glass ionomer, fluoride release, fluoride recharge 
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4B.2 INTRODUCTION     
It is well established that fluoride ions made available topically to a tooth surface can function to 
reduce the incidence and progression of carious lesions affecting dental tissues.1,2 Fluoride complexes 
have the ability to promote dental tissue remineralisation3,4 in addition to increasing the resistance of 
tooth structure to demineralisation.5 Fluoride can be made available to tooth surfaces through several 
methods including via dentifrices, mouth rinses and fluoridated water intake. Additionally, fluoride can 
become available to a tooth surface via fluoride release from a restorative material in close proximity. 
Notably, several in vivo studies have concluded that the fluoride release from restorative materials can 
cause a reduction in the incidence of caries affecting unrestored tooth surfaces.6-8 In particular, long 
term clinical studies have demonstrated that sound unrestored proximal surfaces contacting fluoride 
releasing class II restorations can exhibit a lower incidence of caries compared to surfaces contacting 
non fluoridated class II restorations.6-8 This suggests that employing restorative materials capable of 
sustaining fluoride release over time has the potential to be advantageous in the treatment of patients 
at ‘high risk’ of developing new carious lesions.     
The possibility of restorative material fluoride release facilitating a reduction in caries incidence 
has long been a heralded advantage of glass ionomer restorative materials9, 10 and has resulted in 
several material classes being developed which combine glass ionomers and resin matrices. The most 
recent attempt to integrate the components of glass ionomers within a resin matrix is the giomer 
material class. Giomers are resin composites which contain Pre-reacted glass ionomer (PRG) filler 
particles within a resin matrix.11, 12 PRG filler particles are formed by an acid-base reaction between 
fluoro-boro-alumino silicate glass particles and polyalkenoic acid in the presence of water. This process 
produces fluoridated glass particles surrounded by a glass ionomer hydrogel. Following silane treatment, 
PRG particles are integrated into a resin matrix in the same manner as conventional filler particles are 
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integrated within conventional resin composites.12, 13 Pre-reacted glass ionomer particles thus provide 
giomers with the potential to exhibit physical and aesthetic properties comparable to conventional 
composites and simultaneously provide tooth structure in close proximity with fluoride complexes that 
can promote tooth remineralisation. Significantly, while the fluoride release and fluoride recharge of 
giomer restorative materials has been demonstrated over a short period, 14 the capacity of giomers to 
demonstrate sustained fluoride release and fluoride recharge capability over long term ageing has not 
been assessed. Notably the ability of a restorative material to sustain fluoride release and fluoride 
recharge despite long term ageing has been suggested as essential if a restorative materials’ fluoride 
release is to contribute to a clinically identifiable reduction in caries incidence.9, 15 Additionally, no study 
has been undertaken to assess if the processes of fluoride release and fluoride recharge affect the 
mechanical stability of giomers long term. 
The aim of the present in vitro study was to determine whether three fluoride containing resin 
composites including one of the giomer classification could maintain fluoride release, fluoride recharge 
and mechanical stability over long term (18 month) ageing. A null hypothesis that the three fluoride 
containing composites would maintain fluoride release, fluoride recharge and mechanical stability over 
18 months ageing was investigated. The present study also sought to identify whether the fluoride re-
release following fluoride by the assessed composites was comparable to the long term intrinsic  
fluoride release from glass ionomers; the long term intrinsic fluoride release from glass ionomers being 
attributed responsibility for any caries inhibitive activity of glass ionomers.9,14,15 
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4B.3 MATERIALS AND METHODS: 
Three fluoride containing resin composites were analysed in this study; giomer Beautifil II (Shofu 
Inc, Kyoto, Japan; Lot 060854; A2), Tetric EvoCeram (Ivoclar Vivadent, Schaan, Liechtenstein; Lot: 
L24180; A2) and Gradia Direct X (GC Co., Tokyo, Japan; Lot 0805142; A3). Fuji IX Extra (GC Co., Tokyo, 
Japan; Lot 0804151; A3) was also analysed for comparison (Table 4B.1). Two specimen groups of each 
material were fabricated for analysis (Table 4B.2).  
Group 1: Fluoride release and recharge analysis  
Five disc shaped specimens of each material (inner diameter 10.0 mm, depth 1.5 mm) were 
prepared for fluoride release and fluoride recharge measurements using a polytetrafluoroethylene 
mould. Following material dispensing, a glass plate (thickness 1.0 mm) was placed over the material and 
finger pressure was applied to ensure removal of air and material excess. Curing of each composite 
specimen was completed using a halogen curing light (Optilux 501, Kerr Co., Orange, U.S.A) at a 
measured intensity of 400mW/cm2 (Curing Radiometer, Demetron Research Corporation, Danbury 
U.S.A) for 40 seconds. Glass ionomer specimens were retained in the mould for 10 minutes after mixing. 
All specimens were kept at 100% relative humidity for 30 minutes at 37°C following fabrication before 
light polishing of specimen edges with dry 600 grit silicon carbide paper. The dimensions of each 
specimen were measured before placement into the storage media.  
Group 1 specimens were aged in individual plastic jars containing 20ml of deionised water (Milli 
Q plus, 18.2Mcm, Millipore, New York, U.S.A) for 18 months at 37°C. The fluoride ion release from each 
specimen was measured bimonthly. Following each measurement the storage medium for each 
specimen was discarded and specimens were placed in a clean jar containing 20ml of deionised water.  
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After 18 months ageing, each specimen was immersed (recharged) in 5000ppm neutral sodium 
fluoride gel (NeutraFluor 5000 Plus, Colgate, New York, USA) for 10 minutes. Following recharge, each 
specimen was thoroughly rinsed using deionised water to remove all surface gel before being placed in 
new ageing solution. The fluoride re-release from each specimen was measured after a further two 
months following this single recharge episode (20 months ageing).  
To measure specimen fluoride ion release (and re-release post recharge) Total Ionic Strength 
Adjustment Buffer II solution was added to each specimen’s storage solution, following specimen 
removal. A fluoride ion selective electrode (Radiometer Analytical, Copenhagen, Denmark) was used to 
measure the fluoride concentration of the aged solutions. Standards containing 0.025-0.25mg/L fluoride 
in 0.025mg/L fluoride steps were used for calibration at each testing interval. The results attained were 
expressed as the quantity of fluoride released per unit area of specimen (μg/cm2).  
Group 2: Mechanical properties analysis 
A method similar to that used by Naoum et al 14 was employed to measure the elastic modulus 
and hardness of the analysed materials. Six specimens of each material were fabricated for mechanical 
properties analysis, forming specimen Group 2. Group 2 specimens were prepared in an identical 
fashion to Group 1 specimens, except that a mould of dimensions 7.0 mm x 2.0 mm was used for 
logistical reasons.   
Once fabricated, each specimen was placed in 20ml of storage media and aged for 18 months at 
37°C; 3 specimens were stored in deionised water and 3 specimens were stored in lactic acid (pH 4.0). 
Specimens were stored in lactic acid in addition to deionised water so that any effect of filler particle 
dissolution upon material mechanical properties could be realised over the analysis period of the study. 
The ageing solutions were renewed monthly to ensure that specimens were exposed to a pH as constant 
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as possible over the 18 months. Following 18 months ageing, each specimen was immersed (recharged) 
in 5000ppm neutral sodium fluoride gel (NeutraFluor 5000 Plus, Colgate, USA) for 1 hour; an immersion 
time longer than used for Group 1 to maximize any affect of the recharge process upon the mechanical 
properties of the assessed materials. Following recharge, each specimen was thoroughly rinsed using 
deionised water to remove all surface gel before being returned to its storage solution. 
The hardness and elastic modulus of each specimen was measured via nano-indentation at 24 
hours, 1 month, 3 months, 6 months, 12 months and 18 months after fabrication. Twenty four hours 
after the 18 month fluoride recharge episode, the hardness and elastic modulus of each specimen was 
again measured. 
Indentations were made using an ultra-micro indentation system (UMIS 2000, CSIRO, Canberra, 
Australia). A calibrated diamond Berkovich indenter tip was used to apply loads of 50mN to the 
specimen surface, 25μm apart. In order to minimise creep during unloading and produce more reliable 
elastic modulus values, the maximum force for each indent was held on the surface for 30 seconds 
before load and depth readings were made.16 Each specimen was exposed to 16 indents to provide 48 
data points for each material in each storage medium at each testing time. The hardness and elastic 
modulus for each material was calculated using the software associated with the UMIS. The hardness 
was calculated by dividing the applied load by the surface area. The elastic modulus was calculated by 
the equation: 16  
1/Er= (1-vm2)/Em + (1-vi2)/Ei 
Where Er is the reduced modulus from the nano-indenter; determined from the recovery rate on 
unloading at maximum load, vm and Em are the Poisson’s ratio and elastic modulus of the composite 
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material; Vi and Ei are the elastic modulus and Poisson’s ratio of the indenter. A Poisson’s ratio for each 
material was adapted from findings by Chung et al.17    
Statistical Analysis  
Two-way factorial analysis of variance (ANOVA) and post-hoc (Tukey) testing was used to assess 
the influence of storage media (2 levels) and material type (4 levels) on the hardness and elastic 
modulus of the assessed materials. One-way factorial analysis of variance (ANOVA) was used to assess 
the influence of material type (4 levels) on fluoride release and fluoride recharge. The level of 
significance was set at p=0.05.  
Table 4B.1 Materials assessed  
Material Contents Manufacturer 
Tetric  EvoCeram  
Lot L24180  
 
Filler particles consisting of barium glass, 
ytterbium trifluoride, mixed oxide and prepolymer, 
unspecified dimethacrylate monomers (17% wt) 
 
Ivoclar Vivadent, Schaan, Liechtenstein 
Gradia Direct X 
Lot 0805142 
Fluoro-alumino-silicate glass, pre-polymerized filler, silica, 
UDMA, unspecified dimethacrylate co- monomers (23%wt). 
 
GC Co., Tokyo, Japan 
Beautifil II  
Lot 060854 
S-PRG glass filler, fluoride containing fluoroboroalumino 
silicate glass filler particles, TEGDMA, BisGMA (17 % wt) 
 
Shofu Inc., Kyoto, Japan 
Fuji IX Extra 
Lot 0804151 
Fluoro-alumino-silicate glass, copolymer of acrylic and 
maelic acid, tartaric acid, water 
GC Co., Tokyo, Japan 
 
S-PRG filler – Surface reaction type Pre-reacted glass ionomer; BisGMA; 2, 2-bis [4-(2’-hydroxy-3’-methacryloxy-propoxy) phenyl] propane; 
TEGDMA triethylene glycol dimethacrylate, UDMA urethane dimethacrylate  
 
 
Table 4B. 2: Summary of treatments for each specimen group 
 
 Group 1 Analysis 
(Fluoride Release/Recharge) 
Group 2 Analysis 
(Mechanical Properties) 
Specimen number per 
material 
5 6 
Storage media Deionised water Deionised water (3)  
Lactic acid pH 4 (3) 
Analysis times over 18mth 
ageing 
Bi monthly 
(0,2,4,6,8,10,12,14,16,18mths) 
24hrs, 1mth, 3mths, 6mths, 12mths, 
18mths 
106 
4B.4 RESULTS  
The results from the present study are displayed in Figures 4B.1-4B.4 and Tables 4B.3-4B.4. 
Figure 4B.1 shows the cumulative fluoride release exhibited by each composite over 18 months ageing. 
Beautifil II and Gradia Direct X demonstrated sustained fluoride ion release for the entire 18 months of 
analysis. The cumulative fluoride ion release by Beautifil II at the completion of the 18 months ageing 
was significantly (p<0.05) greater than the release by Gradia Direct X and Tetric EvoCeram (Gradia Direct 
X >Tetric EvoCeram). Tetric EvoCeram did not exhibit fluoride ion release after 14 months ageing. All 
three materials released the greatest quantity of fluoride ions during the first two months of ageing. 
Table 4B.3 depicts the fluoride ion re-release by each composite after fluoride recharge (10 
minutes, 5000ppm NaF) at 18 months ageing. All three composites demonstrated fluoride recharge 
capability after 18 months ageing; all three composites re-releasing fluoride ions following fluoride 
application (recharge). Beautifil II exhibited a significantly (p<0.05) greater fluoride ion re-release 
following the recharge treatment at 18 months ageing compared to both Gradia Direct X and Tetric 
EvoCeram (Gradia Direct X >Tetric EvoCeram). 
Table 4B.4 shows the intrinsic bimonthly fluoride ion release by Fuji IX Extra over the 18 months 
of the study. The intrinsic fluoride release by Fuji IX Extra was significantly (p<0.05) greater than that of 
the three analysed composites. The fluoride re-release from Beautifil II in the 2 months following 
fluoride recharge at 18 months ageing, was comparable to the intrinsic fluoride release by Fuji IX Extra 
during months 15-16 and 17-18.  
Figure 4B.2 and Figure 4B.3 depict the elastic modulus and hardness of each material aged in 
deionised water or lactic acid over 18 months ageing. The elastic modulus and hardness of the three 
composites did not change significantly (p>0.05) with fluoride release, water storage or water uptake 
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over the 18 month analysis period. However, lactic acid storage significantly (p<0.05) reduced the 
hardness of all three composites after 6 months ageing and caused a reduction in the elastic modulus of 
Beautifil II and Gradia Direct X after 6 months ageing. Exposure to a 1 hour episode of fluoride recharge 
after 18 months ageing did not significantly (p>0.05) affect the hardness or elastic modulus of the tested 
materials (Figure 4B.4a, Figure 4B.4b). The hardness and elastic modulus of Fuji IX Extra was significantly 
(p>0.05) lower than the analysed composites at each testing interval (Figures 4B.2-4B.4).  
The results of the present study indicate that the null hypothesis was partially accepted: 
Beautifil II and Gradia Direct X maintained fluoride release and fluoride recharge capability for the 18 
months of the study; all three assessed composites maintained mechanical property stability in 
deionised water over 18 months ageing, however the elastic modulus of Beautifil II and Gradia Direct X 
altered over the 18 month period. 
 
Figure 4B.1: The cumulative fluoride release by each composite over 18 months ageing. 
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Figure 4B.2: The hardness of each material over 18 months ageing in lactic acid pH 4 (L.A.) and deionised 
water (W). 
 
Figure 4B.3: The elastic modulus of each material over 18 months ageing in lactic acid pH 4 (L.A.) and 
deionised water (W). 
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Figure 4B.4a: The effect of 1 hour fluoride recharge on material hardness after 18 months ageing in 
lactic acid pH 4 (L.A.) and deionised water (W).  
 
Figure 4B.4b: The effect of 1 hour fluoride recharge on material elastic modulus after 18 months ageing 
in lactic acid pH 4 (L.A.) and deionised water (W). 
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Table 4B.3: Composite fluoride re-release post recharge (18-20 months ageing) 
Composite Material  Fluoride ion re-release following recharge (μg/cm2) 
Beautifil II 31.7  (5.5) 
Gradia Direct X 11.1  (6.6) 
Tetric EvoCeram 6.0    (3.9) 
 
Table 4B.3: The fluoride ion re-release by each composite after fluoride recharge (10 minute, 5000ppm) 
at 18 months ageing. Standard deviation in brackets ( ). 
 
Table 4B.4: Fuji IX Fluoride Release 
Ageing time 
(months) 
0-2 3-4 5-6 7-8 9-10 11-12 13-14 15-16 17-18 
Fluoride ion 
release (μg/cm2) 
145.7 
(3.3) 
102.9 
(4.5) 
80.1 
(7.1) 
61.2 
(5.7) 
56.1 
(9.0) 
50.0 
(8.9) 
48.0 
(5.7) 
41.0 
(11.5)  
38.5 
(12.6)  
 
Table 4B.4: The bimonthly fluoride ion release by Fuji IX Extra over 18 months ageing. Standard 
deviation in brackets ( ). 
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4B.5 DISCUSSION  
The difficulty and reluctance of patients to undertake preventive measures to ensure 
interproximal tooth surfaces remain bacteria free causes interproximal tooth sites to be susceptible to 
caries incidence.18-20 This difficulty can be further exacerbated when a proximal tooth surface is restored 
directly using a resin composite material; composite polymerisation contraction and the challenge of 
packing resin composite against a matrix band, can impede the recreation of self cleansing interproximal 
contacts.21 Significantly, it has been shown that sound proximal tooth surfaces contacting fluoride 
releasing class II restorations can exhibit a lower incidence of new caries in comparison to sound 
surfaces contacting non fluoride containing restorative materials.6-8 This differential is attributed to the 
ability of a fluoride containing restorative material to sustain fluoride release over time rather than an 
ability to demonstrate a high ‘burst’ of fluoride release immediately following placement.9,15,22  Such is a 
consequence of the nature of the carious process; carious tooth destruction develops as 
demineralisation exceeds remineralisation over months to years rather than at a single point in time.4 
The results of the present study indicate that Beautifil II and Gradia Direct X have this long term 
sustained fluoride releasing capability. 
The observed significantly (p<0.05) greater fluoride release demonstrated by giomer Beautifil II 
in comparison to Gradia Direct X and Tetric EvoCeram can be attributed to the fluoride releasing ability 
of PRG filler particles; all three materials having comparable filler loading and resin matrix 
hydrophobicity. While Gradia Direct X and Tetric EvoCeram, like Beautifil II, have the ability to release 
fluoride into their resin matrix and surrounding media following filler particle surface dissolution,23 PRG 
particles have an additional source of fluoride for release; the fluoride complexes within their glass 
ionomer hydrogel.24 Further, the acidified water within the hydrogel surrounding the inner glass of PRG 
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particles facilitates Beautifil II fluoride release through continual dissolution of the fluoride containing 
glass core.14,15,25 
The PRG particles within Beautifil II are also responsible for the significantly (p<0.05) greater 
fluoride recharge demonstrated by giomer Beautifil II in comparison to Gradia Direct X and Tetric 
EvoCeram. The ability of a material to exhibit fluoride recharge depends on its ability to retain 
fluoride.14, 26, 27 The relatively hydrophobic nature of the resin matrices of all three analysed composites 
implicates the glass ionomer hydrogel of PRG particles as the key reason for the additional recharge 
demonstrated by Beautifil II compared to Tetric EvoCeram and Gradia Direct X. The hydrogel of PRG 
particles exhibits a higher permeability and porosity than resin matrices.14, 27, 28, Consequently, this 
hydrogel provides Beautifil II with areas within its structure capable of greater fluoride uptake relative to 
a composite not containing a glass ionomer phase.14 
The potential clinical significance of the sustained long term fluoride recharge and re-release 
capability of Beautifil II is brought into view further when considering it in the context of the observed 
intrinsic fluoride release produced by glass ionomer Fuji IX Extra. In the present study, following only a 
single episode of fluoride recharge after 18 months ageing (5000ppm NaF for 10 minutes), the 
concentration of fluoride ions re-released by Beautifil II in the subsequent two months was comparable 
to the intrinsic bimonthly release by Fuji IX Extra between 15-18 months. Therefore, the present study 
indicates that should a regular fluoride recharge regime be implemented by patients, Beautifil II has the 
ability to demonstrate a fluoride re-release comparable to the long term ‘plateau’ release of glass 
ionomers and as a consequence potentially generate comparable caries inhibitive activity that such 
release from glass ionomers has been shown to generate.6-8,29 
The possibility of this favourable clinical outcome is also supported by a recently completed 
assessment analysing the three composites evaluated in the present study.14 Naoum et al 14 observed 
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that during the 24 hours following a 5 minute application of 5000ppmF gel, Beautifil II re-released 
fluoride at a rate of 3.7µg/cm2 per day. Notably this re-release rate was able to be repeated following 3 
consecutive recharge episodes that were separated by a week interval, demonstrating maintenance of 
rechargability with consecutive recharge episodes. Therefore should a daily 5 minute fluoride recharge 
application of 5000ppm NaF be employed by patients from the time of restoration placement, a 
measure feasibly instituted as part of an individual’s routine oral hygiene, the fluoride re-release from 
Beautifil II could approach the intrinsic ‘plateau’ release from glass ionomers within two months of 
tooth restoration.14 Importantly, the present study provides clinicians with confidence that the fluoride 
re-release following recharge from Beautifil II can continue as the restoration ages so enabling these re-
release levels to be sustained over time. 
The mechanical properties of all three resin composites maintained stability over 18 months 
ageing in water. This stability indicates that under oral conditions when salivary pH is above that 
required to initiate caries, little degradation of the constituents of the assessed resin composites will 
occur as a result of the fluoride release process. However, all three composites exhibited a significant 
(p<0.05) reduction in hardness values after 6 months lactic acid storage, with Beautifil II and Gradia 
Direct X also demonstrating a decline in elastic modulus after 6 months acid ageing. Fluid of low pH 
absorbed by resin composites can result in resin matrix degradation, filler particle degradation and 
hydrolysis of the Si-O bonds that link the filler and resin matrix.30 It is likely that all three processes 
affected the constituents of the three analysed composites.30  
Clinically this reduction in mechanical properties under acidic conditions can have implications 
for practitioners when treating particular cohorts of medically compromised patients. When treating 
patients suffering from chronic hypoxia or exocrine conditions that can lead to a sustained reduction in 
salivary pH, it is likely that the composites in the present study are susceptible to long term physical 
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degradation with ageing. Consequently, when using the analysed composites in clinical practice, salivary 
analysis along with measures to elevate salivary pH should follow restoration placement.   
In contrast to the mechanical property stability of the three composites aged in water in the 
present study, the hardness and elastic modulus of glass ionomer Fuji IX Extra degraded with time. The 
observed mechanical property degradation of Fuji IX Extra in both neutral and acidic conditions can be 
attributed to the permeability and porosity of glass ionomers.31 Being permeable, glass ionomers readily 
uptake storage media.32 While this enhances fluoride release and fluoride recharge32,33 it can also cause 
break down of the non-silanized glass fillers within glass ionomers and produce a reduction in 
mechanical properties. This degradation, as well as the absolute values of glass ionomer physical 
properties, limits the use of glass ionomers in load bearing restorations. 
In closing it is appropriate to acknowledge the limitations of the present study. Firstly to gain a 
more thorough assessment of the effect of fluoride recharge on mechanical property stability, an 
investigation of the impact of repeated fluoride recharge on material mechanical properties is required. 
Since the action of sodium fluoride gel upon glass filler particles can cause glass dissolution as well as 
disintegration of the matrix around composite filler particles, 34, 35 examination of the effect of repeated 
fluoride recharge on composite mechanical properties would complement the results from the present 
study. Consequently, despite the observed mechanical property stability of the assessed composites 
following a recharge episode of duration far longer than would be prescribed to patients (1 hour), an 
investigation to ascertain the frequency and concentration of fluoride recharge that initiates composite 
physical property degradation is planned. 
With regard to the fluoride release and fluoride recharge analysis of the present study the time 
span between testing points presents a limitation. While the decision not to undertake daily analysis of 
fluoride release behaviour was made as a result of a recent study assessing the daily fluoride release 
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from the composites in the present study, 14 daily release analyses would be a helpful adjunct to the 
presented results. However despite these acknowledged limitations, with long term clinical trials now 
indicating that fluoride released from placed restorations can reduce caries incidence affecting 
contacting tooth surfaces,6-8 the findings of the present study do provide clinicians with helpful 
information; in the context of a regularly applied fluoride recharge regime, the fluoride release and re-
release from Beautifil II (and possibly Gradia Direct X) restorations has the potential to reduce new 
caries incidence at contacting unrestored surfaces .  
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4B.6 CONCLUSION  
Within the limitations of the present in vitro study it can be concluded that resin composites 
Beautifil II and Gradia Direct X have the ability to sustain intrinsic fluoride release and maintain fluoride 
recharge capability despite long term ageing. In the context that a patient regularly applies fluoride to 
placed Beautifil II restorations, Beautifil II is capable of re-releasing fluoride at a rate comparable to the 
long term ‘plateau’ fluoride release from Fuji IX Extra. Beautifil II, Gradia Direct X and Tetric EvoCeram 
are capable of maintaining mechanical property stability despite long term water ageing, fluoride 
release and fluoride recharge. 
 
4B.7 CLINICAL SIGNIFICANCE 
The ability for Beautifil II and Gradia Direct X to sustain intrinsic fluoride release and maintain 
fluoride recharge capability despite long term ageing raises the potential for unrestored tooth surfaces 
in contact with Beautifil II (and possibly Gradia Direct X) restorations to demonstrate a reduced rate of 
caries incidence compared to the caries incidence at surfaces contacting conventional non fluoride 
containing composites. The exhibited mechanical property stability of Beautifil II and Gradia Direct X 
despite long term water ageing, fluoride release and fluoride recharge indicates that Beautifil II and 
Gradia Direct X are suitable for load bearing restorations in patients at high risk of new caries incidence; 
where fluoride release is advantageous and placement of glass ionomers is contra-indicated.  
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4.2 CHAPTER CONCLUSIONS  
 
The preceding chapter presented the first analysis of the fluoride release, fluoride recharge and 
mechanical property stability of a resin composite containing Pre-reacted glass ionomer particles. In 
summary, the data presented in Chapter 4 indicates that the inclusion of Pre-reacted glass ionomer 
particles within a resin matrix can enable a resin composite to demonstrate: 
• A sustained intrinsic fluoride release over long term ageing 
• A sustained fluoride recharge capability despite long term ageing 
• In the circumstance that a patient as part of their routine home care regularly applies a fluoride gel 
to placed giomer restorations, the fluoride released from composite restorations containing Pre-
reacted glass ionomer particles can approach that of glass ionomers. Should a patient apply a 
5000ppm NaF gel for five minutes on a daily basis, the level of fluoride release from a giomer 
restoration will be comparable to the sustained ‘plateau’ fluoride release from glass ionomers after 
3 weeks ageing. This is highly significant as it is the long term sustained ‘plateau’ fluoride release 
from glass ionomers, rather than the initial fluoride ‘burst’, which is regarded as being responsible 
for any caries inhibitive action of glass ionomer restorative materials.  Importantly the data in 
Chapter 4 reveals that the fluoride release and fluoride recharge capabilities of resin composites 
containing PRG particles do not result in a reduction in restorative material mechanical properties 
overtime.  
Consequently, within the limitations of the present study, the presented data in Chapter 4 suggests 
that inclusion of Pre-reacted glass ionomer particles within resin composites can provide clinical benefit; 
the fluoride released from composites containing PRG particles has the potential to reduce the 
121 
incidence of caries at both the margins of composite restorations and at unrestored proximal surfaces in 
contact with composite restorations. 
 CHAPTER 5 
 
ANALYSIS OF THE POLYMERISATION SHRINKAGE PROFILE OF A UNIVERSAL 
RESIN COMPOSITE CONTAINING PRE-REACTED GLASS IONOMER FILLER 
PARTICLES; A COMPARISON WITH ‘LOW SHRINKAGE’ COMPOSITES 
 
Published in Journal of Dentistry, January 2012 
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5.1 PREFACE 
The observed fluoride release and fluoride recharge capability of Beautifil II, along with its 
mechanical property stability after long term ageing, indicates that the addition of Pre-reacted glass 
ionomer particles to composite resin matrices has the potential to reduce the risk of caries incidence 
associated with composite restorations; at both restoration margins and contacting unrestored 
interproximal surfaces. These capabilities therefore have the capacity to improve composite restoration 
and contacting tooth surface longevity. However, this improvement could be undermined if the resin 
matrix into which Pre-reacted glass iomomer particles are placed undergoes excessive       
polymerisation shrinkage. 
Resin composite polymerisation shrinkage can result in composite restoration marginal gap 
formation. Significantly, the presence of a gap at the margins of a restoration can facilitate marginal 
bacterial accumulation, marginal leakage and recurrent caries. Additionally, polymerisation contraction 
can also cause clinicians to experience great difficulty in regenerating ideal interproximal contacts when 
restoring a cavity using a composite restorative material. In the presence of suboptimal interproximal 
contacts, unrestored interproximal tooth surfaces are susceptible to new caries incidence due to a 
greater ease for food and bacterial accumulation to occur in the interproximal space in comparison to 
when an optimal interproximal contact area is present. 
In light of the possibility for resin polymerisation contraction to undermine the potential clinical 
benefits derived from Pre-reacted glass ionomer particle fluoride release, analysis of the polymerisation 
shrinkage profile of ‘universal’ giomer Beautifil II was undertaken. The results from this investigation are 
presented in Chapter 5 of the present thesis.  
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The contents of Chapter 5 are a direct transcript of the article titled: Polymerisation profile 
analysis of resin composite dental restorative materials in real time published in Journal of Dentistry.  
Additional paragraphs however have been added to the conclusion section of the published article to 
emphasize the importance of these findings relating to composites containing PRG particles. This 
manuscript was accepted for publication in the Journal of Dentistry on October 15, 2011 and Steven J 
Naoum, the author of the present thesis, was the primary author. A copy of the published article as it 
appears Journal of Dentistry features within Appendix I. 
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5.2 ABSTRACT       
Objectives: In this study, the hypothesis that the polymerisation shrinkage profile of ‘low shrinkage’ non-
methacrylate based composite; Silorane and ‘low shrinkage’ high molecular mass methacrylate based 
composite; Kalore is not different from that of three conventional methacrylate based composites 
(Gradia Direct X, Filtek Supreme XT and Beautifil II) was tested. 
Methods: Five commercially available composites were analysed: one ‘low shrinkage’ non-methacrylate 
based composite (Silorane); one ‘low shrinkage’ high molecular mass methacrylate based composite 
(Kalore) and three conventional methacrylate based composites (Gradia Direct X, Filtek Supreme XT and 
Beautifil II). Polymerisation shrinkage was measured using an electromagnetic balance which recorded 
changes in composite buoyancy occurring due to volumetric changes during polymerisation. This 
instrument allowed real time volumetric shrinkage measurements to be made at 40 ms intervals. 
 Results: All five resin composites demonstrated a similar volumetric shrinkage profile during 
polymerisation. The majority of the volumetric polymerisation shrinkage of all 5 composites occurred 
during the 40 seconds of light irradiation. The rate of shrinkage of all five composites decreased from 
time (t) = 0s at a rate approximating x=√t.  After 170 s the rate of shrinkage of all five composites was at 
or below 0.01%/s. During the initial 5 s of light exposure Silorane and Kalore exhibited a significantly 
lower (p <0.05) rate of contraction relative to the three conventional methacrylate composites. After 
640 s of analysis, Silorane exhibited a significantly lower (p<0.05) percentage volumetric contraction 
compared to the other four analysed materials. 
 Conclusions: The newly developed ‘low shrinkage’ composites (Silorane, Kalore) in the present study 
demonstrated significantly lower (p < 0.05) polymerisation shrinkage rates and polymerisation shrinkage 
volumes compared to the three conventional methacrylate composites. The present study also indicates 
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the possibility for polymerisation shrinkage profiles being used as predictor of relative polymerisation 
contraction stress levels generated by different composites.  
Clinical significance: Clinicians choosing a resin composite with the view to minimising the clinical effects 
of polymerisation shrinkage must consider the rate of polymerisation shrinkage as well as the total 
volumetric shrinkage of a composite material. Silorane (non methacrylate based composite) and Kalore 
(high molecular mass methacrylate based composite) have the ability to exhibit lower shrinkage rates 
and lower shrinkage volumes compared to conventional methacrylate composites. 
Key Words: Polymerisation shrinkage, Composite resin, Silorane, Kalore, Beautifil II, Filtek Supreme XT 
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5.3 INTRODUCTION  
Recurrent caries and cuspal fracture continue to be causes for resin composite restoration 
failure.1–4 Teeth restored using acrylate based composites are especially prone to both these 
phenomena due to stress generated within the tooth-restoration system following resin contraction 
during polymerisation.5,6 Composite polymerisation shrinkage potentially leads to cuspal strain and 
enamel micro crack propagation when resin contraction does not sever the resin-tooth adhesion 
generated through bonding procedures.7–9 Should the accumulated polymerisation contraction stress at 
the resin-tooth interface result in tooth-composite adhesive failure, bacterial aggregation at the 
disrupted tooth-restoration margin can occur,10,11 resulting in leakage and later recurrent caries.10–12 
Defective proximal contacts occurring as a result of composite polymerisation shrinkage may also 
contribute to recurrent caries occurrence and caries incidence associated with unrestored tooth 
surfaces in contact with resin composite restorations; defective interproximal contacts facilitating 
bacterial and food accumulation in interproximal areas.13,14 
Since the development of resin composites for use in restorative dentistry, the primary means 
used by manufacturers to reduce the effects of composite polymerisation shrinkage has been through 
increasing resin filler content.15 More recently, dental manufacturers have sought to overcome the 
effects of polymerisation contraction through utilising ‘low contraction’ monomers as the basis of the 
resin component. During addition polymerisation of conventional methacrylate composites, the 
distance between monomer molecules which are loosely bound by van der Waals forces is reduced, as 
the resin monomers become tightly linked by covalent bonding.15,16 Conventional methacrylate based 
composites, for which BisGMA and UDMA are the base monomers, contract between 2% and 5% due to 
this process.16 However, by increasing base monomer molecular mass and therefore reducing the 
density of volume lowering reactions during polymerisation, the level of composite polymerisation 
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shrinkage has the potential to be reduced from these levels. Alternatively the level of composite 
polymerisation shrinkage can be decreased through changing the nature of the polymerisation process. 
It has been shown that molecules which undergo polymerisation through opening and cleavage of a 
cationic ring structure exhibit a lower volumetric change compared to the addition reaction of double 
bonds that occurs with methacrylates.19, 20  
Significantly, little analysis of the polymerisation shrinkage profile (the rate and total 
polymerisation shrinkage over time) of newly available resin composites claimed as being ‘low 
shrinkage’ has taken place. Such analysis however is warranted since polymerisation shrinkage 
volume5,19 and polymerisation shrinkage rate6,20 are two important factors affecting polymerisation 
contraction stress within a tooth-composite system. 
 Consequently, the aim of the present study was to record and compare the volumetric 
polymerisation shrinkage profile in real time of five resin composites, including two new ‘low shrinkage’ 
materials and a composite of the giomer classification for which the polymerisation contraction 
behaviour is unknown. The null hypothesis that there would be no difference between the 
polymerisation shrinkage profiles of any of the materials was assessed. 
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5.4 MATERIALS AND METHODS 
Five resin composites (Table 5.1) were analysed in the present study. Two ‘low shrinkage’ 
composites were assessed; non methacrylate based Filtek Silorane (Silorane) [3M ESPE, St. Paul, USA; 
Lot N113541; A2] and high molecular mass methacrylate based Kalore [GC Co., Tokyo, Japan; Lot 
0903051; A2]. The remaining three assessed composites were conventional methacrylate based 
composites; UDMA based Gradia Direct X [GC Co., Tokyo, Japan; Lot 0804072; A2], BisGMA based Filtek 
Supreme XT [3M ESPE, St. Paul, USA; Lot N110380; A2] and BisGMA based Beautifil II [Shofu Inc., Kyoto, 
Japan; Lot 060854; A2]; a composite capable of fluoride release and recharge.21  
The polymerisation shrinkage profile of each composite was determined using a method and 
instrument designed by Lee.16 The method utilised an electromagnetic balance (Figure 5.1) and enabled 
real time volumetric shrinkage measurements to be made. Five specimens of each material (50-80 mg) 
were analysed. The balance was set to the null position prior to specimen light exposure. The end of the 
light guide was positioned at 5 mm to provide results equivalent to a composite-curing tip distance of 
3.72 mm in air; a distance similar to clinical conditions. To establish a measurement baseline, specimens 
were not exposed to the curing light for 30 s following the null position being established. Following the 
30 s baseline period, each specimen was cured for 40 s using an LED light (Elipar FreeLight 2, 3M ESPE, 
St. Paul, MN, USA) of intensity 600 mW/cm2. The polymerisation shrinkage of each specimen was 
recorded at 40 ms intervals for 640 s from the commencement of curing light exposure. The continuous 
voltage signal produced by each specimen was stored on a computer and custom software converted 
the input voltage value to volumetric shrinkage data which was then plotted as a function of time.16 
Polymerisation shrinkage was calculated according to the following equation:  
100 x ∆Vt/Vinitial(%) 
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where ∆Vt is the volumetric shrinkage t seconds after the beginning of the light exposure and Vinitial is the 
initial volume of the uncured sample. 
The attained data was subjected to One-way analysis of variance (ANOVA) to determine 
significant differences between the five composites in both total percentage volumetric shrinkage and 
the rate of percentage volumetric shrinkage at various time points over the 640 s. The level of 
significance was set at p = 0.05. 
 
Table 5.1 Resin composites evaluated in the handling assessment 
 
S-PRG filler = Surface reaction type pre-reacted glass ionomer;  
BisGMA = 2, 2-bis [4-(2’-hydroxy-3’-methacryloxy-propoxy) phenyl] propane;  
TEGDMA = triethylene glycol dimethacrylate;  
UDMA = urethane dimethacrylate 
 
Composite Lot No.  Resin matrix Filler (wt%) Manufacturer  
Filtek 
Silorane 
N113541(A2) Siloranes, TEGDMA (0%) Quartz particles, yttrium 
fluoride (76 wt%) 
3M ESPE, St. 
Paul, MN, USA 
Kalore 0910071(A2) DX-511, UDMA, 
unspecified dimethacrylate 
co-monomers,  
TEGDMA (0%) 
Fluoro-alumino-silicate 
glass, pre-polymerized 
filler, silica (82 wt %) 
GC Co., Tokyo, 
Japan 
Filtek  
Supreme XT 
N110380(A2) BisGMA, BisEMA, TEGDMA 
(<5%) 
Zr/silica nanoparticles, 
nano-clusters (65 wt%) 
3M ESPE, St. 
Paul, MN, USA 
Gradia Direct X 
 
0804072(A2) UDMA, unspecified 
dimethacrylate co- 
monomers, TEGDMA (0%) 
Fluoro-alumino-silicate 
glass, pre-polymerised 
filler, silica (77 wt%) 
GC Co., Tokyo, 
Japan 
Beautifil II  
 
060854(A2) BisGMA, TEGDMA (≤5%) SPRG filler particle clusters 
(83 wt%)  
Shofu Inc., 
Kyoto, Japan 
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Figure 5.1: Schematic diagram of instrument used to measure polymerisation volumetric shrinkage16  
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5.5 RESULTS 
The volumetric polymerisation shrinkage of each resin composite occurred in two distinct 
phases when considering the rate of volumetric shrinkage. In the present study these phases were 
defined as the primary and secondary phases of shrinkage. The primary phase was defined as the period 
from the commencement of curing light exposure of each specimen until the rate of composite 
volumetric change had plateaued to below 0.01%/s. The primary phase includes the first 170 s of 
analysis; the first 40 s of the primary phase being the period of specimen exposure to the curing light. 
The secondary phase includes the final 370 s of analysis, during which the rate of percentage (%) 
volumetric contraction of each material continued at or below 0.01%/s. As indicated in the methods, 
analysis commenced after a 30 s waiting period to allow a measurement baseline to be established. 
During this time specimens were not exposed to any ambient light.  
Figure 5.2 depicts the polymerisation shrinkage profile for each of the five composites and 
therefore shows the cumulative percentage polymerisation shrinkage of each resin composite over the 
640 s of analysis. The profiles were comparable in shape for all materials but differed, in general, with 
regard to cumulative polymerisation values. All composites underwent the majority of their contraction 
during the time of curing light exposure, the initial 40 s of analysis, and all five composites continued to 
undergo contraction for the entire 640 s of observation. Silorane displayed a significantly lower (p <0.05) 
percentage polymerisation shrinkage compared to the other four composites at the completion of both 
the primary and secondary phases of analysis. Kalore exhibited a significantly lower (p <0.05) percentage 
volumetric shrinkage compared to Beautifil II and Filtek Supreme XT at the completion of the 640 s. 
Silorane was the only composite at the completion of the 640 s of analysis that exhibited a 
percentage volumetric shrinkage less than 2.0%. Although a statistically significant difference (p <0.05) 
in total percentage volumetric shrinkage existed between Kalore and Gradia Direct X at the end of light 
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curing, no statistical difference (p > 0.05) existed between the percentage contraction of Gradia Direct X 
and Kalore after 640 s. Filtek Supreme XT and Gradia Direct X exhibited a significantly different (p <0.05) 
percentage polymerisation shrinkage compared to Beautifil II at the completion of the primary and 
secondary phases of analysis. The proportion of the total contraction of each material over the 640 s of 
analysis that was completed in the primary phase ranged between 77% for Kalore and 92% for Gradia 
Direct X. The proportion of total contraction completed by each composite during the period of curing 
light exposure (0–40 s of analysis) ranged between 57% for Kalore and 78% for Gradia Direct X. During 
the first 5 s of light exposure the proportion of the total shrinkage completed by each composite ranged 
between 31% (Kalore) and 48% (Gradia Direct X). 
Figure 5.3 shows the proportion and percentage of polymerisation shrinkage of each material 
occurring during various time intervals over the 640 s of analysis. Kalore and Silorane displayed a 
significantly lower (p <0.05) percentage contraction at the end of the initial 40 s of analysis (the time of 
light curing) compared to the three conventional methacrylate composites. Silorane exhibited a 
significantly  lower (p <0.05) total percentage volumetric shrinkage in the first two analysed time periods 
(0–5 s and 5–40 s) relative to the other four composites. All five composites had undergone a volumetric 
contraction less than or equal to 2.0% at the completion of the primary phase. The percentage 
volumetric contraction of each material continued to increase with time over the 170 s of the primary 
phase; however, the rate of percentage volumetric shrinkage decreased considerably over this period.  
Figure 5.4 shows the rate of polymerisation shrinkage of each composite over the primary phase 
of analysis. The rate of shrinkage by each composite during the first 5 s of light exposure was 
significantly greater (p <0.05) than the rate of shrinkage occurring at all subsequent time periods. During 
the initial 5 s of exposure Silorane exhibited a significantly lower (p <0.05) rate of contraction relative to 
the other four composites. Additionally, during the initial 5 s, Kalore exhibited a significantly (p<0.05) 
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lower rate of percentage volumetric shrinkage compared to Beautifil II, Filtek Supreme XT and Gradia 
Direct X. No significant difference (p>0.05) in the rate of contraction over the first 5 s was observed 
between the conventional methacrylate composites. No significant difference (p>0.05) existed in the 
rate of contraction between the five composites at any time after the first 5 s. All five composites 
demonstrated a progressive reduction in the rate of contraction with time at approximately x=√t.  After 
170 s of analysis the rate of polymerisation contraction of all five composites was at or below 0.01%/s.  
Figure 5.5 shows the relationship between the rate of polymerisation shrinkage and the total 
polymerisation shrinkage of each composite at various time points over the 640 s of analysis. After 5 s, 
Kalore and Silorane exhibited both a significantly lower (p<0.05) rate and a significantly lower (p<0.05) 
total contraction relative to the three conventional methacrylate composites. After 40 s (end of curing) 
and 170 s, Kalore and Silorane both exhibited a total percentage contraction that was significantly lower 
(p<0.05) compared to each conventional methacrylate composite. No significant difference (p>0.05) 
existed between the five composites when comparing the rate of shrinkage at 40 s and 170 s.  
The results from the present study indicate that the null hypothesis was rejected. 
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Figure 5.2: Polymerisation shrinkage profile for each resin composite; cumulative percentage 
polymerisation shrinkage of each resin composite over 640 seconds of analysis. #Note 0-30seconds; 
waiting period for base line establishment. 
 
Figure 5.3: The percentage volumetric shrinkage of each composite during four time intervals over the 
640 seconds of analysis. 
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Figure 5.4: The rate of polymerisation shrinkage of each composite over the primary phase of analysis 
 
Figure 5.5: The relationship between the rate of polymerisation shrinkage and the percentage shrinkage 
of each composite during the primary phase   
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5.6 DISCUSSION 
The present study compared the polymerisation shrinkage profile of two newly developed ‘low 
shrinkage’ composites and three conventional methacrylate based composites including a composite of 
the giomer classification to assess the impact that changes in composite monomer chemistry have on 
polymerisation shrinkage rate and volume. The measured significant (p<0.05) differences in the 
polymerisation contraction rate and volume between ‘low shrinkage’ composites Silorane and Kalore 
and the conventional methacrylate composites can be attributed to the molecular constitution of the 
resin matrix of Kalore and Silorane.  
The molecular foundations of Silorane are Siloxane and Oxirane molecules. Oxirane molecules 
undergo polymerisation through opening and cleavage of a cationic ring structure.17 The cationic cure 
commences as an acidic cation opens the Oxirane ring and generates a new acidic centre, a carbocation. 
Following the addition to an Oxirane monomer, the epoxy ring is opened and the beginnings of a 
monomer chain are formed.17 This process of polymerisation results in lower volumetric change 
compared to the addition reaction of double bonds that occurs with methacrylates.17,18 In contrast, the 
basis for the lower level of contraction demonstrated by Kalore in the present study is the high 
molecular mass of the base monomer within Kalore; DX-511.22 The molecular mass of DX-511 is 
approximately twice that of BisGMA and UDMA enabling DX-511 to exhibit a far lower comparative 
density of reactive sites per unit mass of material. As a result, when comparing specimens of equal 
mass, Kalore undergoes a lower number of volume reducing reactions during polymerisation relative to 
conventional methacrylate based composites.  
The greatest variability in the rate of polymerisation shrinkage of the analysed resin composites 
was during the first 5 s of light exposure. The rate of volumetric shrinkage during the first 5 s of light 
exposure of both Silorane and Kalore was significantly (p<0.05) less than the three conventional 
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methacrylate based composites. This is notable for two reasons. Firstly, it was during the first 5 s of light 
exposure that all five composites underwent their greatest rate of volumetric shrinkage. Secondly this 
initial 5 s of light exposure correlates with the period during which composite- tooth systems develop 
contraction stress at the greatest rate. It has been shown that the peak rate of contraction stress 
development during polymerisation occurs in the first 4-8 s of light exposure; after which the rate of 
stress development rapidly declines.23,24 This may be a result of both the rapid rate of polymerisation 
during this time and the co-incident development of composite elastic moduli sufficient to induce stress 
almost immediately following curing light exposure.12,25 Though conjecture in the literature exists on the 
latter point, it has been suggested that polymerisation contraction stress develops at much lower 
degrees of conversion than previously thought; beginning very close to the initiation of curing, despite 
the capacity for molecular rearrangement during contraction.26  
The observed coincidence in the present study in the timing of the peak rate of volumetric 
change with the possible peak rate of stress development holds increased importance when the 
dynamic nature of polymerisation shrinkage stress development is considered. The rate of 
polymerisation,5,6,16 total shrinkage volume5,6,27 and composite elastic modulus5,6,28,29 all contribute to 
the level of developed polymerisation contraction stress and all change with time from the 
commencement of polymerisation.5,6 Consequently the impact that polymerisation contraction stress 
has on a tooth-composite system cannot be predicted simply by calculating final cumulative stress 
measurements alone; the rate of stress development also needs to be considered.5,30,31 This is supported 
by studies which have shown that for composites exhibiting the same total shrinkage after a given time 
but which exhibit different rates of shrinkage and polymerisation, different levels of contraction stress 
are generated in proportion to a composite’s lower polymerisation rate.16,32 Additionally, when 
considering  the possible in situ impact of composite polymerisation contraction stress, the importance 
of considering both the rate of stress development as well as the total stress generated is compounded 
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by a composite-tooth system having an upper limit to the level of stress which can be accommodated 
without deleterious effects on adhesion to tooth structure.5,6 When the rates of volumetric shrinkage 
and stress development are at their peak23,24,31 the stress magnitudes developed at given moments 
during this peak period may exceed the accommodating ability of the involved composite-tooth system.5  
The relationship between polymerisation shrinkage rate, volume and contraction stress 
generation suggests that polymerisation shrinkage profile analysis may have a role in estimation of 
contraction stress in vitro. The use of polymerisation shrinkage profiles to predict relative contraction 
stress levels of composites holds potential benefits in light of the simplicity in generating polymerisation 
shrinkage profiles and the limitations of currently available contraction stress measuring systems. At 
present, variation continues to exist when comparing contraction stress values generated for the same 
material in different laboratories.33,34 As a result, it has been suggested that the usefulness of current 
contraction stress testing lies in only measuring a relative comparison between materials rather than 
providing absolute statements of stress values.5 A study to compare the order of estimated contraction 
stress levels generated by different composites using polymerisation profile analysis with the order 
derived from conventional stress testing, is therefore warranted. Should polymerisation profile analysis 
provide the same order of composites as conventional stress measuring tests, it may be prudent to 
utilise volumetric shrinkage profiles to provide polymerisation contraction stress comparisons between 
materials until absolute contraction stress can be measured more consistently.  
Therefore although needing verification, the observed significantly lower (p<0.05) rate and 
volume of contraction of Silorane and Kalore during initial curing (0-5 s) compared to the conventional 
methacrylate composites may be indicative of a comparatively lower level of contraction stress during 
this period. Likewise, the significantly lower (p<0.05) total percentage shrinkage exhibited by Silorane 
and Kalore at each analysed point after the first 5 s may be predictive of relatively lower stress levels 
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generated by Silorane and Kalore at these times. Papadogiannis’35 observation that Silorane produced a 
lower shrinkage strain and better marginal adaption than methacrylate composites supports this 
possibility.3, 5 
 Finally, it is notable that the measured shrinkage values at the completion of the primary phase 
of the present study were comparable to previously reported values of percentage contraction for the 
assessed materials.18, 20, 36 However as a necessary consequence, the measured polymerisation shrinkage 
for each material at the completion of the secondary phase was considerably higher than that 
commonly reported in other studies and by manufacturers. Such indicates that final shrinkage 
measurements are heavily influenced by the time over which contraction is recorded. As a result it is 
imperative that clinicians considering polymerisation shrinkage data, especially when it is received   
from manufacturers, are aware of the time over which polymerisation shrinkage measurements        
have occurred. 
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5.7 CONCLUSIONS 
Within the limitations of the present study, it was demonstrated that resin composite monomer 
chemistry can significantly (p<0.05) affect both total polymerisation shrinkage and the rate of 
polymerisation shrinkage of resin composites. The newly developed ‘low shrinkage’ composites assessed 
in the present study (Silorane and Kalore) demonstrated significantly lower (p<0.05) rates and 
significantly lower (p<0.05) totals of polymerisation shrinkage compared to the three conventional 
methacrylate based composites. Should polymerisation profile analysis rank composites in the same 
order as conventional polymerisation shrinkage stress measurement tests, value exists in using 
volumetric shrinkage profiles for relative polymerisation stress estimation, until absolute contraction 
stress can be measured more consistently. 
Significantly, the findings outlined in chapter 5 present a possible limitation that may affect any 
potential benefit provided by PRG particle fluoride release (and recharge) in relation to improving 
composite restoration and contacting tooth surface longevity. The results presented in chapter 5 
indicate that the rate and volume of polymerisation shrinkage undergone by Beautifil II exceeds that of 
conventional composites Filtek Supreme XT and Gradia Direct X and is significantly (p<0.05) greater than 
the ‘low shrinkage’ composites Kalore and Silorane. In the context that previous studies have reported 
Silorane restorations demonstrating marginal disruption due to polymerisation shrinkage;35 the findings 
of the present study strongly suggest marginal disruption occurring at the margins of Beautifil II  
restorations; at a level potentially facilitating marginal bacterial aggregation and micro leakage. 
Consequently, for patients to reap the intended benefit from the fluoride release of Beautifil II it is 
prudent for clinicians to act to ensure that marginal disruption and possible defective proximal contacts 
associated with Beautifil II restorations are minimised so not to negate the effect of released fluoride 
from giomer restorations. Results from this present study therefore indicate that practitioners should 
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employ an incremental placement technique with Beautifil II to reduce the level of interfacial 
contraction stress generated at restoration margins.37, 38 
The greater volumetric shrinkage volume and rate undergone by Beautifil II compared to the 
other four assessed composites corresponds to the greater level of TEGDMA within Beautifil II in 
comparison to the other four composites (Table 5.1). TEGDMA has a lower molecular weight in 
comparison to BisGMA, UDMA and DX-511 and a higher density of carbon double bonds capable of 
reacting and contracting during polymerisation. Consequently, as the proportion of TEGDMA increases 
within the resin matrix so will the percentage contraction of a resin matrix. 
Beautifil II contains a greater level of TEGDMA in comparison to both low shrinkage and 
conventional composites, to increase the hydrophilicity of its resin matrix. Increasing the hydrophilicity 
of the resin matrix of a composite containing Pre-reacted glass ionomers particles is advantageous in 
terms of optimising fluoride release and fluoride recharge capability. Consequently, the results 
presented in Chapter 5 indicate that a tension exists for manufacturers seeking to include PRG particles 
within resin matrices to improve resin composite clinical performance; a ‘trade-off’ exists between 
facilitating fluoride release and minimizing polymerisation contraction. 
Importantly, in addition to the TEGDMA concentration within a giomer affecting fluoride release 
and polymerisation contraction levels, TEGDMA concentration will also affect the handling 
characteristics of a giomer. Significantly, the handling characteristics of a resin composite impacts the 
willingness of practitioners to utilise a material clinically.39 Should the handling characteristics of resin 
composites containing Pre-reacted glass ionomer particles cause practitioners to resist utilising them, 
patients by default will not receive any of the benefits their placement can potentiality provide. For this 
reason the focus of the next aspect of the present study evaluated the willingness of dental practitioners 
to utilise resin composites containing Pre-reacted glass ionomer particles in clinical practice.  
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6.1 PREFACE 
In the previous chapter the effect of TEGDMA concentration on the polymerisation shrinkage of 
resin composites containing Pre-reacted glass ionomer particles was described. Notably however, in 
addition to impacting the polymerisation shrinkage and the fluoride releasing capability of a resin 
composite matrix, increased TEGDMA concentration levels will also affect composite rheology and 
therefore composite handling characteristics. Importantly, the handling characteristics of a restorative 
material can have a significant impact on the willingness of a practitioner to use a restorative material. 
Should the handling characteristics of resin composites containing Pre-reacted glass ionomer particles 
cause practitioners to resist utilising them clinically, it follows that patients will not receive benefits of 
improved restoration and tooth structure longevity that their fluoride release and recharge can 
potentiality provide. 
Chapter 6 presents an investigation of the willingness into practitioners to utilise composites 
containing Pre-reacted glass ionomer particles. The contents of Chapter 6 are a direct transcript of the 
manuscript titled The influence of handling characteristics, polymerisation contraction and fluoride 
release on Australian practitioner composite selection for which Naoum SJ, the author of the present 
thesis, is the primary author.  
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6.2 ABSTRACT  
Aim: The aim of the present study was to quantify the willingness of Australian dental practitioners 
(practitioner in the present study refers to both graduate and student dentists) to utilise ‘low shrinkage’ 
and fluoride releasing resin composites for tooth restoration through surveying Sydney based dental 
graduates and students. 
Methods: 132 dental practitioners (63 graduates and 69 students) assessed the handling characteristics 
of five composites; ‘low shrinkage’ composites (Silorane, Kalore); fluoride releasing giomer (Beautifil II) 
and conventional composites (Gradia Direct X, Filtek Supreme XT). After restoring a prefabricated class I 
cavity, each practitioner commented on the consistency, working time, shaping ability, stickiness and 
slumping of each assessed composite. A questionnaire to determine the influences considered 
important by practitioners when selecting a composite for tooth restoration was also completed by 
participants.  
Results: Silorane and Kalore were the least preferred composites in the handling survey of the assessed 
materials. A significantly greater (p<0.001) number of practitioners indicated that the ‘low shrinkage’ 
composites (Kalore, Silorane) were difficult to shape and excessively firm or dry/crumbly compared to 
the conventional methacrylate based composites. Conversely, Beautifil II had a significantly greater 
(p<0.001) number of respondents indicating it as excessively soft relative in comparison to other four 
surveyed materials. Relative to their current composites, practitioners were willing to accept a 
compromise in aesthetics (95%-slight; 83%-significant) and handling (78%-slight; 26% significant) to 
achieve fluoride release for posterior restorations. If composite handling is optimised, 97% of the 
surveyed practitioners will use a composite if polymerisation shrinkage is 2%. 
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Significance and conclusions: The alterations in composition necessary to develop ‘low shrinkage’ and 
fluoride releasing composites affect composite handling and therefore practitioner willingness to use 
these new materials. Scope exists for manufacturers to improve composite handling by changing diluent 
concentration (‘low shrinkage’ composites-diluent increase, fluoride releasing composites-diluent 
decrease) while meeting practitioner expectations on fluoride release and polymerisation shrinkage 
levels. 
 Key words: composite, fluoride release, giomer, handling, polymerisation shrinkage. 
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6.3 INTRODUCTION 
Since the introduction of resin composites into routine dental practice, the quest to develop the 
‘ideal’ restorative composite material has continued unabated and resulted in modifications of both 
filler particle and resin matrix constitution. Two recent modifications to resin composites undertaken by 
manufacturers have been the addition of fluoride containing filler particles and the utilisation of ‘low 
shrinkage’ monomers as the basis of the resin matrix.1 Significantly, it has been suggested that the 
inclusion of these modifications could increase the longevity of resin composite restorations in 
comparison to current levels.2-5  
Several manufacturers have developed resin composites containing filler particles enabling a 
restoration to exhibit fluoride release and fluoride recharge capability. Through a restorative material 
providing a sustained concentration of fluoride to an adjacent unrestored proximal surface, the 
progression and development of caries on this unrestored surface can be impeded.6-8 In addition, 
restorative material fluoride release may facilitate recurrent caries inhibition. Although some conjecture 
does exist regarding the impact of restorative material fluoride release on recurrent caries inhibition in 
vivo,9,10 a great volume of in vitro3,11-14  and in vivo4,15,16 data does indicate that restorative material 
fluoride release functions to reduce caries incidence occurring at the margins of fluoride releasing 
restorations.11,12,17,18 
Manufacturers have also acted to reduce resin composite polymerisation shrinkage through 
alteration of resin matrix composition.  While historically manufacturers have acted to reduce 
polymerisation shrinkage through increasing filler volume, in recent times inclusion of ‘low shrinkage’ 
base monomers has enabled the development of composites capable of lower polymerisation 
contraction in comparison to conventional BisGMA and UDMA based composites.5,19,20  
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The ability for changes in composite constitution to reduce both the rate and total volumetric 
polymerisation shrinkage of a resin composite can result in several positive clinical outcomes.5 Due to 
stress generated within the tooth-restoration system following resin contraction during 
polymerisation,2,6  teeth restored using methacrylate based composites are prone to recurrent caries 
and cuspal fracture.2,21-23 When resin polymerisation contraction does not sever the resin-tooth 
adhesion generated through bonding procedures,  a tooth is prone to cuspal strain and enamel micro 
crack propagation.5,24  However, in situations when the accumulated polymerisation contraction stress 
does result in tooth-composite adhesive failure, bacterial aggregation at the disrupted tooth-restoration 
margin can occur,1,12 resulting in leakage and recurrent caries.1,12,17  In addition as a result of 
polymerisation shrinkage, resin composite restorations are prone to exhibiting defective proximal 
contacts, which can facilitate bacterial and food accumulation in interproximal areas so leading to caries 
of sound contacting surfaces.19,20  
 Importantly however, while a change in resin composite constitution can bring clinical benefits, 
a change in monomer or filler type can affect the properties of a composite restorative material. One 
property that is altered through composition change is material rheology and therefore material 
handling.25,26  Significantly, the handling characteristics of a composite can have a direct effect on 
treatment time and final clinical outcomes.27  Changes in material composition, such as those required 
to enable composite resin fluoride release or a reduction in polymerisation contraction, can therefore 
impact the willingness of practitioners to utilise a resin composite clinically, so preventing patients from 
receiving the improved clinical outcomes that such alterations have been designed to provide. 
Consequently, although quantifying practitioner willingness to use newly developed composites 
presents a great challenge because of the inherent matter of subjectivity associated with the collected 
data, due to the significant impact that practitioner composite choice has upon patient outcomes such 
investigation is important.  
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The aim of the present study was therefore to quantify the willingness of Sydney based dental 
practitioners; practitioner in the present study refers to both graduate and student dentists, to utilise 
‘low shrinkage’ and fluoride releasing composites for tooth restoration.  A particular focus of the study 
was to ascertain the willingness of practitioners to accept a compromise in composite handling and 
aesthetic qualities in comparison to the resin composite they currently use, if necessary to achieve 
composite fluoride release or reduced composite polymerisation contraction.  
154 
6.4 MATERIALS AND METHODS   
Part 1 Handling Characteristics Assessment 
Part 1 of the present study involved dental practitioners; practitioner in the present study refers 
to both graduate and student dentists, undertaking a comparative assessment of the handling 
characteristics of five resin composites (Table 6.1). Two ‘low shrinkage’ composites were assessed; non 
methacrylate based Filtek Silorane [3M ESPE, St. Paul, USA] and high molecular weight methacrylate 
based Kalore [GC Co., Tokyo, Japan].Three conventional composites (BisGMA or UDMA based) were also 
assessed: giomer Beautifil II capable of fluoride release and fluoride recharge1 [Shofu Inc, Kyoto, Japan], 
Filtek Supreme XT [3M ESPE, St. Paul, USA] and Gradia Direct X; [GC Co., Tokyo, Japan].  
One hundred and thirty two dental practitioners (63 graduates and 69 students) were recruited 
for the study. The students were third year dental students with clinical experience from the University 
of Sydney. The graduate dentists were recruited via phone conversation. Graduated dentists listed 
within 22 kilometres of the Sydney GPO and on the Australian Dental Association database were invited 
to participate in the study. Ethics approval to conduct the study was granted by the Westmead Scientific 
Advisory QA Committee and the WSLHD Human research Ethics Committee. 
To assess the handling of each of the five composites, each practitioner restored a manufacturer 
produced pre-formed Class I cavity in a plastic tooth using two increments of each composite; increment 
one was cured for 20 seconds prior to placement of increment two. Each practitioner used ‘flat plastic’ 
and ‘ball burnisher’ instruments to manipulate the assessed materials. During each restoration 
placement, six characteristics of composite handling behaviour were assessed by each practitioner and 
subsequently recorded. The six analysed handling characteristics (and possible responses) included: 
consistency (excessively soft; soft; firm; excessively firm; dry/ crumbly); working time (adequate; too 
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short - detrimental to placement); ability to shape (easy; satisfactory; difficult); stickiness (not sticky; 
slightly sticky - not detrimental; too sticky) and the ability to retain form before curing (slump resistant; 
some slumping; slumps excessively). Following curing of both increments, the Class I restoration was 
removed from the cavity and inspected for voids and layering and their presence noted. Finally, 
practitioners were asked to state their preferred material based on handling alone.  
The assessment was a double blind study; neither the participants nor the dispenser was aware 
of the name or characteristics of the composite prior to dispensing or placement. Additionally, the order 
in which each practitioner received each composite was randomised.  
Part 2 Follow-up Questionnaire 
On completion of the handling characteristics assessment, all practitioners completed a follow-
up questionnaire (Figure 6.1). The questionnaire aimed to assess a practitioner’s willingness to utilise 
fluoride releasing and ‘low shrinkage’ composites clinically.  A particular focus of the questionnaire was 
to identify the tolerance of practitioners to accept a compromise in composite handling or aesthetic 
characteristics if required to attain composite fluoride release or reduce composite polymerisation 
shrinkage in comparison to the resin composite they currently use; tolerance can be defined as the 
willingness of practitioners to accept a property they might not ordinarily be happy to with based on 
prior experience and preference. The questions were close ended with yes/no ‘tick the box’ options.   
Statistical analysis 
The responses from the handling characteristics survey and follow-up questionnaire were 
analysed using the SPSS (version 17.0) program. Data was subjected to the Mann-Whitney, Wilcoxon 
Signed Ranks, Fischer’s Exact and Chi Squared test as appropriate to identify statistically significant 
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differences between groups. Two levels of significance (p=0.001 and p=0.05) were considered         
during analysis.  
 
 
Table 6.1: Resin composites evaluated in the handling assessment 
S-PRG filler = Surface reaction type pre-reacted glass ionomer;  
BisGMA = 2, 2-bis [4-(2’-hydroxy-3’-methacryloxy-propoxy) phenyl] propane;  
TEGDMA = triethylene glycol dimethacrylate;  
UDMA = urethane dimethacrylate. 
 
  
Composite Lot No.  Resin matrix Filler (wt%) Manufacturer  
Filtek 
Silorane 
N113541(A2) Siloranes, TEGDMA (0%) Quartz particles, yttrium 
fluoride (76 wt%) 
3M ESPE, St. 
Paul, MN, USA 
Kalore 0910071(A2) DX-511, UDMA, 
unspecified dimethacrylate 
co-monomers,  
TEGDMA (0%) 
Fluoro-alumino-silicate 
glass, pre-polymerized 
filler, silica (82 wt%) 
GC Co., Tokyo, 
Japan 
Filtek  
Supreme XT 
N110380(A2) BisGMA, BisEMA, TEGDMA 
(<5%) 
Zr/silica nanoparticles, 
nano-clusters (65 wt%) 
3M ESPE, St. 
Paul, MN, USA 
Gradia Direct X 
 
0804072(A2) UDMA, unspecified 
dimethacrylate co- 
monomers, TEGDMA (0%) 
Fluoro-alumino-silicate 
glass, pre-polymerised 
filler, silica (77 wt%) 
GC Co., Tokyo, 
Japan 
Beautifil II  
 
060854(A2) Bis-GMA, TEGDMA (≤5%) SPRG filler particle clusters  
(83 wt%)  
Shofu Inc., 
Kyoto, Japan 
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Figure 6.1: Follow up Questionnaire completed by practitioners 
A) Please order (1-6; 1 being most important) the following factors according to their relative 
importance to you when selecting a Resin Composite for restoration of an ANTERIOR cavity 
1) Polymerisation Shrinkage __                               2) Physical Properties __                     
3) Ease of handling    __                                4) Fluoride releasing ability __                            
5) Aesthetic qualities     __            6) Cost __  
B) Please order (1-6; 1 being most important) the following factors according to their relative 
importance to you when selecting a Resin Composite for restoration of a POSTERIOR cavity 
1) Polymerisation Shrinkage __                                2) Physical Properties  __                     
3) Ease of handling   __                                              4) Fluoride releasing ability __                                  
5) Aesthetic qualities      __            6) Cost __  
C) If the Resin Composite you indicated as having the best handling during the handling assessment had 
a polymerisation contraction of 2%__3%__4%__5%__ would you still utilise it?                               
Indicate Yes or No for each contraction volume%. Note at present the majority of universal composites 
exhibit a polymerisation contraction in the range of 2.5% to 4.0%.  
D) Consider a patient with a ‘high’ caries risk. For such a patient would you see it as advantageous to use 
either a:             
   (a) low shrinkage Resin Composite or  
(b) fluoride releasing Resin Composite                                    
Please circle one or both options as relevant. 
 
E) If you would use a fluoride releasing composite to restore cavities in high caries risk patients: 
-would you tolerate a 10% reduction in aesthetics relative to your current composite for:                                                                                    
a) ANTERIOR CAVITIES      Y/N  b) POSTERIOR CAVITIES    Y/N  
-would you tolerate a 25% reduction in aesthetics relative to your current composite for:                     
a) ANTERIOR CAVITIES      Y/N  b) POSTERIOR CAVITIES    Y/N  
 
F) If you would use a fluoride releasing composite to restore cavities in high caries risk patients:  
 
-would you tolerate a 10% reduction in ease of handling relative to your current composite for:                      
a) ANTERIOR CAVITIES      Y/N  b) POSTERIOR CAVITIES    Y/N  
-would you tolerate a 25% reduction in ease of handling relative to your current composite for:                  
a) ANTERIOR CAVITIES      Y/N  b) POSTERIOR CAVITIES    Y/N 
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6.5 RESULTS            
The results of the present study are depicted in Figures 6.2-6.4 and Table 6.2. Figure 6.2 and 
Table 6.2 depicts the responses given by practitioners; practitioner in the present study refers to both 
graduate and student dentists, following the handling characteristics assessment. Figures 6.3 & 6.4 show 
the responses given by practitioners in the follow up questionnaire.    
Figure 6.2 shows the percentage of the surveyed practitioners indicating that the consistency of 
each composite was either dry/crumbly, excessively firm or soft, excessively soft. A significantly greater 
(p<0.001) number of practitioners indicated that the ‘low shrinkage’ composites Kalore and Silorane 
were excessively firm or dry/crumbly compared to the conventional methacrylate based composites. In 
contrast, Beautifil II had a significantly greater (p<0.001) number of respondents reporting its 
consistency as excessively soft in comparison to the other composites.  
The mode and distribution of practitioner responses for composite consistency was also 
calculated. To identify the mode and distribution of the responses, numbers were allocated to each 
possible response; 1: excessively soft; 2: soft; 3: firm; 4: excessively firm; 5: dry/crumbly. The two ‘low 
shrinkage’ composites (Silorane and Kalore) were indicated to be firmer (mode=3; median=3) when 
compared to the three conventional methacrylate composites each with a recorded mode of 2 and 
median of 2. Beautifil II was reported to be the softest material; a median of 2 was recorded with a 
minimal distribution of responses. Kalore was reported as the firmest material; exhibiting a mode of 3 
and a 25th-75th inter-quartile median value of 4.   
Table 6.2 (row 1) reveals the percentage of practitioners indicating an inadequately short 
working time for each material. The percentage of practitioners indicating the inadequacy of Kalore’s 
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working time exceeded the number of ‘too short’ responses for the other four composites; this 
difference being statistically significant (p<0.001) in comparison to responses for Gradia Direct X. 
Table 6.2 (rows 2-3) reports the number of practitioners identifying each composite as ‘easy’ or 
‘difficult’ to shape. The ‘low shrinkage’ composites had a significantly lower (p<0.05) number of 
practitioners reporting ‘easy’ shaping during placement compared to the number of  ‘easy’ responses 
for the conventional methacrylate composites. Silorane had the greatest number of practitioners 
suggesting it was ‘difficult’ to shape. The greatest number of ‘easy’ shaping responses related to 
Beautifil II. Beautifil II also registered the second highest number of ‘difficult’ responses.  
Table 6.2 (row 4) reports the percentage of practitioners rating each composite as excessively 
sticky. A significantly greater (p<0.05) number of ‘excessively sticky’ responses were recorded for 
Beautifil II compared to the other four composites. The least number of ‘excessively sticky’ responses 
were recorded for Silorane.  
Table 6.2 (row 5) reveals the percentage of practitioners rating each material as ‘slumping 
excessively’ during placement. Beautifil II had a significantly greater (p<0.001) number of ‘slumping 
excessively’ responses compared to the other four composites.  
Table 6.2 (rows 6-7) indicate the percentage of practitioners who identified voids or layering in 
their restoration. Silorane had the greatest number of restorations in which voids were observed. A 
significantly greater (p<0.05) number of practitioners observed layering in the restorations of the ‘low 
shrinkage’ composites compared to those of the three conventional methacrylate composites.  
Practitioners were asked to indicate which of the five materials was their preferred at the 
completion of the handling assessment. Gradia Direct X received the greatest number of ‘preferred 
material’ responses (33%). Of the five analysed composites, the two ‘low shrinkage’ composites Kalore 
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and Silorane received the least number of ‘preferred material’ responses (11% & 13% respectively).  
Filtek Supreme XT and Beautifil II did not have a statistically significant difference (p>0.05) in which was 
preferred (22% & 21% respectively). 
Figure 6.3 depicts the level of importance ascribed by practitioners to composite handling, 
polymerisation shrinkage and fluoride release when choosing a composite. Practitioners rated six factors 
(polymerisation shrinkage, ease of handling, aesthetic qualities, physical properties, fluoride releasing 
ability, cost) in order of importance (1-6; 1 being the most important/6 being the least important) when 
selecting a composite. The majority of practitioners indicated that ease of handling was either the most 
important or second most important factor for both anterior and posterior restorations. Practitioners 
also ascribed a great level of importance to polymerisation contraction when selecting a composite; 68% 
of practitioners ranked polymerisation shrinkage as either the most important or second most 
important factor for them when selecting a posterior composite.  The majority of practitioners regarded 
fluoride release as the fifth most important factor in composite selection for anterior restorations. 
Practitioners identified fluoride release as slightly more important for posterior restorations; 37% of 
practitioners indicated fluoride release the fourth most important factor when selecting a composite for 
use in the posterior segment. However, when asked whether fluoride releasing composites are 
advantageous in treating ‘high caries risk’ patients, 81% of practitioners agreed with this statement.    
Practitioners also indicated a threshold of tolerance in accepting an increase of composite 
polymerisation shrinkage if such is required to achieve ideal composite handling. As part of the follow up 
questionnaire, practitioners were asked to recall their preferred composite on the basis of handling. For 
their preferred composites, 81% of practitioners indicated a willingness to use this material at 3% 
volumetric polymerisation contraction. However, at a volumetric polymerisation contraction of 4%, only 
22% of practitioners remained willing to use their identified ‘preferred’ composite. Ninety seven percent 
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of practitioners were willing to use their preferred composite at 2% volumetric polymerisation 
shrinkage. 
Figure 6.4 depicts the willingness of practitioners to accept a reduction in composite handling or 
aesthetic qualities if necessary to attain fluoride release. For posterior restorations, over 95% of 
practitioners would accept a slight reduction (10%) in aesthetics and 83% would accept a significant 
reduction (25%) in aesthetics if this was needed to gain fluoride release. For both anterior and posterior 
restorations, over 70% of practitioners were willing to accept a slight reduction in composite handling if 
this was needed to achieve fluoride release.  
Table 6.2: Percentage of practitioners reporting different handling characteristics 
 
 Characteristic Response Gradia 
Direct X 
Kalore Silorane Filtek 
Sup XT 
Beautifil 
II 
Working time Inadequate 1 9 3 2 2 
Ease of Shaping Easy 41 26 28 39 52 
 Difficult 6 13 17 8 14 
Stickiness Excessively sticky 10 9 7 13 23 
Slumping Excessively detrimental 2 1 2 2 10 
Voids observed? Yes 17 21 29 21 23 
Layering observed? Yes 8 22 21 11 10 
 
 
 
 
 
 
 
Figure 6.2: Composite consistency 
(a) Percentage of practitioners indicating composite consistency as dry/crumbly or excessively firm.  
(b) Percentage of practitioners indicating composite consistency as soft or excessively soft. 
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Figure6.3: Importance of various factors 
in composite selection. Each practitioner 
rated the influence of polymerisation 
shrinkage; fluoride release; physical 
properties; aesthetics; cost; and handling 
from most important (1) to least 
important (6) when selecting a resin 
composite. The distribution of the 
responses for (a) Polymerisation 
Shrinkage; (b) Fluoride Release; and (c) 
Handling are depicted. 
 
Figure 6.4: Percentage of practitioners willing to accept a slight (10%) or significant (25%) decrease in 
composite handling and aesthetic qualities if necessary to attain composite fluoride releasing capability 
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6.6 DISCUSSION   
In the present study, through a survey of a cohort of Sydney dental practitioners; practitioner in 
the present study refers to both graduate and student dentists, the willingness of practitioners to utilise 
recently developed fluoride releasing and ‘low shrinkage’ composites for tooth restoration was 
quantified.  It was observed that the modifications to resin composite composition required to reduce 
composite polymerisation shrinkage or provide fluoride release can affect the handling characteristics of 
a resin composite. The present study also demonstrated that practitioners have some willingness to 
accept a compromise in both the handling and aesthetic characteristics of a composite, especially for 
posterior restorations, if this is necessary to reduce composite volumetric polymerisation shrinkage or 
to enable composite fluoride release. 
The handling characteristics of five composites, including two ‘low shrinkage’ composites 
(Silorane; containing a non methacrylate base monomer and Kalore containing a high molecular weight 
methacrylate base monomer) were analysed in the present study. The utilisation of ‘low shrinkage’ base 
monomers within a resin composite enables the volume and rate of composite polymerisation shrinkage 
to be reduced compared to conventional methacrylate based composites.2,19,28  However the inclusion of  
alternative ‘low shrinkage’ monomers has the potential to affect composite rheology.25,26  Additionally 
the rheology of a composite resin matrix designed to be ‘low shrinkage’ can be affected by the absence 
of diluent monomers or low molecular weight molecules such as TEGDMA which function to reduce 
resin matrix viscosity .25,26  The effect of this was observed in the present study where the absence of 
such molecules within Silorane and Kalore gave rise to the greater dryness, firmness and difficulty in 
shaping Silorane and Kalore in comparison to the three conventional methacrylate based 
composites.6,25,26 
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In conventional methacrylate based composites, molecules with the function of reducing 
material viscosity are incorporated within the resin matrix. Most commonly TEGDMA is used for this 
purpose, its inclusion reducing the rigidity of a resin matrix so improving the handling characteristics of a 
composite and making it more suitable for clinical placement.26  Significantly however, due to its low 
molecular weight, TEGDMA exhibits a higher density of polymerisable carbon double bonds compared 
to BisGMA, UDMA and DX-511 (DX-511 is the base monomer in Kalore with a molecular weight 
approaching twice that of BisGMA and UDMA).29  Consequently per unit of resin mass, TEGDMA will 
undergo a substantially greater volume of polymerisation shrinkage compared to BisGMA, UDMA, DX-
511 and the Oxirane rings in Silorane; which undergo polymerisation through opening and cleavage of a 
cationic ring structure30 resulting in a considerably lower volumetric change compared to the addition 
reaction of double bonds that occurs within methacrylates.28,30 
The capacity for low molecular weight molecules such as TEGDMA, to improve composite 
handling yet simultaneously increase resin matrix polymerisation shrinkage, provides manufacturers 
aiming to produce ‘low shrinkage’ composites with a difficult tension.  Inclusion of a low molecular 
weight molecule within a resin matrix will cause an increase in total composite volumetric shrinkage in 
proportion to its concentration within the resin matrix. However by excluding low molecular weight 
molecules such as TEGDMA from resin matrix constitution, the viscosity of the matrix is excessively high, 
resulting in a composite that is difficult to shape, excessively firm, dry and crumbly. The exclusion of 
such molecules can therefore create a resistance in practitioners to using ‘low shrinkage’ composites. 
This possibility was manifested in the present study with Kalore and Silorane being the least and second 
least preferred materials. This result was consistent with the findings of the follow up questionnaire 
where the majority of surveyed practitioners regarded composite handling as the most or second most 
important consideration in composite selection.   
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Notably however the present study suggests that the addition of low molecular weight 
molecules to Silorane and Kalore can occur while still meeting practitioner expectations regarding 
polymerisation contraction. The present study revealed that over 97% of practitioners are willing to 
utilise a composite undergoing 2% volumetric shrinkage if it exhibits ‘ideal’ handling. Consequently since 
the polymerisation shrinkage volumes of Silorane and Kalore  are well below this threshold (Silorane 
0.86%, Kalore 1.15%)5, manufacturers  have some liberty to add ‘high shrinkage’ low molecular weight 
molecules such as TEGDMA to Silorane and Kalore to improve material handling without reducing 
practitioner acceptance on the basis of shrinkage volumes.   
The influence of TEGDMA matrix concentration was not only significant in the present study due 
to its absence in the assessed ‘low shrinkage’ composites, but also because of its presence within 
Beautifil II. In comparison to the other four assessed composites Beautifil II contains a greater volume of 
TEGDMA by weight (Table 1). This differential is likely to have contributed to Beautifil II being reported 
by the greatest number of practitioners as being ‘excessively soft’, ‘excessively sticky’ and ‘slumping 
excessively’. Beautifil II is a resin composite of the giomer classification. Giomers are those resin 
composite materials containing Pre-reacted glass ionomer (PRG) filler particles within a resin matrix.31 
The presence of PRG particles within giomers provides Beautifil II with fluoride release and fluoride 
recharge capability.1  However, for a restorative material to release the fluoride-cation complexes 
present within its resin matrix to the external environment, it must be able to absorb fluid from its 
surrounding environment1,12  and therefore exhibit some hydrophilic capacity. Since the hydrophilicity of 
TEGDMA is greater than that of BisGMA,26 the greater concentration of TEGDMA within Beautifil II in 
comparison to TEGDMA concentration within conventional composites, increases the fluoride releasing 
capability of giomers. However, as indicated previously, increasing TEGDMA concentration within the 
resin matrix of a composite will cause the viscosity and therefore the handling characteristics of a 
material to be impacted. 
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The results of the present study therefore highlight the difficulty manufacturer’s face in 
producing a resin composite with acceptable handling and fluoride releasing capability that has low 
volumetric polymerisation shrinkage. To facilitate fluoride release, it is advantageous for a composite to 
include relatively hydrophilic monomers such as TEGDMA. However, through increasing the 
concentration of hydrophilic low molecular weight molecules such as TEGDMA within a resin matrix, 
material handling can be compromised through lowering resin viscosity excessively and increasing 
volumetric polymerisation contraction in proportion to TEGDMA concentration. Despite this tension 
though, the present study does provide manufacturers a mandate to reduce the concentration of 
TEGDMA within giomer composites. Such action is likely to improve practitioner acceptability of giomer 
composites even though practitioners in the present study indicated a clear willingness to accept a 
compromise in composite handling and aesthetics if required to attain composite fluoride release.  
Notably however, should manufacturers be willing to reduce the quantity of TEGDMA within  
Beautifil II, this may be possible without substantially compromising the fluoride releasing ability of 
future generations of giomer materials. A recent study has shown that provided a regular fluoride 
recharge regime is adopted by a patient, Beautifil II is able to re-release a sustained quantity of fluoride 
comparable to the long term intrinsic fluoride release of glass ionomers.1 This possibility indicates 
further investigation is required to find the ‘optimal’ level of TEGDMA within Beautifil II specifically and 
composites containing PRG particles more generally. For this reason it has been suggested to the 
manufacturer of giomers that several experimental composites be developed, containing a fixed volume 
of PRG particles but with varying levels of TEGDMA, with their fluoride release and handling behaviour 
subsequently analysed.   
In closing, it is appropriate to acknowledge the limitations of the present study. By its very 
nature, the results of a survey of practitioners are influenced by participant subjectivity. Factors 
167 
including the type of resin composite used by each participant in routine practice, the level of 
restorative experience,  the level and type of continuing education undertaken by practitioners and the 
dexterity of each participant all would have affected participant responses. However, the results of the 
present study should not be rejected on the basis of participant subjectivity. The present study sought to 
illuminate an element of the ‘human factor’ of dentistry; the multi factorial decision making process of 
material selection faced by practitioners as part of their routine patient care. The present study 
indicates that the process by which a practitioner chooses a resin composite for clinical use is complex in 
nature with practitioner choice resulting from a combination of both personal preference and scientific 
evidence. 
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6.7 CONCLUSIONS 
 Within the limitations of the present study, it can be concluded  that alterations to resin 
composite composition necessary to provide composite fluoride release capability or a reduction in 
polymerisation shrinkage effects composite handling and the willingness of practitioners to use altered 
materials despite their potential clinical benefits. While the present study indicates that practitioners 
are willing to tolerate compromises in aesthetics and handling if necessary to gain composite fluoride 
release and lower polymerisation shrinkage, action by manufacturer’s to improve the handling 
characteristics of giomer and ‘low shrinkage’ composites seems prudent. The present study suggests 
scope for manufacturer’s to improve composite handling through altering the concentration of low 
molecular mass molecules such as TEGDMA within a resin matrix, without compromising the capacity to 
meet practitioner expectations of composite fluoride release and low polymerisation shrinkage 
respectively. The present study also points to the difficulty of producing a ‘universal’ composite, equally 
suitable for anterior and posterior restorations, if practitioners desire a material to have fluoride release 
or lower polymerisation shrinkage compared to conventional methacrylate composites. 
Based on the findings presented in Chapter 6 therefore, it can be concluded that through 
reducing the concentration of TEGDMA within future generations of giomers the willingness of 
practitioners to use composites containing PRG particles clinically can be increased. Though a reduction 
in matrix TEGDMA concentration can result in a decrease in the fluoride release and fluoride recharge 
capability of giomer composites, through lowering TEGDMA levels within future generations of giomers 
an increase in composite viscosity and a reduction in polymerisation shrinkage in comparison to Beautifil 
II can be achieved. Development of various experimental composites containing a set volume of PRG 
particles but containing differing TEGDMA concentrations has been suggested to Shofu Company as a 
result of this study. Assessment of the fluoride release, fluoride recharge, polymerisation shrinkage and 
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handling characteristics of these experimental giomer composites will then take place to identify their 
benefits and limitations as well as the most appropriate clinical circumstance for their employment. 
Through this process the ‘optimal’ matrix composition of giomer composites can be deduced so 
facilitating the capacity for the benefits derived from PRG particle inclusion within resin matrices to be 
maximised. 
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7.1 PREFACE 
In Chapter 4, the significance of a patient regularly applying topical fluoride gel to the surface of 
giomer restorations in order to optimise their fluoride release was established. Notably however, the 
possible effect of repeated fluoride recharge on the bond durability of giomer restorations to dentine 
has not been previously examined. Since topical fluoride application to a restoration generates a 
fluoride ion concentration gradient across the bond interface, the hybrid layer is susceptible to fluid 
infiltration and hydrolysis. Consequently, should it be shown that repeated fluoride recharge results in a 
reduction in the bond durability between giomer restorations and dentine, by necessity this would 
contraindicate the prescription of such a practice to patients so limiting the potential benefit of PRG 
particle inclusion within resin composites and bonding agents. Therefore in order to provide clinicians 
confidence to prescribe a regime of regular fluoride application to patients as part of their routine home 
care following cavity restoration, investigation of the effect of repeated fluoride recharge on dentine 
bond strengths of a dentine adhesive containing PRG particles was undertaken.  
 Chapter 7 provides results from an in vitro analysis of the effect of regular fluoride recharge, 
ageing and storage media on the durability of the adhesion between dentine and FL Bond II; a dentine 
bonding agent containing PRG filler particles recommended for adhering giomer restorative materials.  
The content of Chapter 7 is a direct transcript of the article titled: The effect of repeated fluoride 
recharge and storage media on bond durability of fluoride rechargeable giomer bonding agent for which 
Naoum S.J., the author of the present thesis, was the primary author. This article was accepted for 
publication in the Australian Dental Journal on September 7, 2011. A copy of the article as is appears in 
the Australian Dental Journal is included within Appendix I.        
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7.2 ABSTRACT 
Background:  For a restorative material or adhesive to exhibit caries inhibitive potential through fluoride 
release, it must be able to sustain fluoride release over time and therefore be capable of fluoride 
recharge. The aim of this study was to evaluate the effect of repeated fluoride recharge and different 
storage media on the durability of adhesion between dentine and a fluoride rechargeable bonding 
agent.   
Methods: Two self-etch adhesive systems (2-step) were evaluated; fluoride-rechargeable giomer FL-
Bond II and non-fluoride-containing UniFil Bond. For each adhesive 32 human dentine specimens were 
prepared for shear bond strength testing. The specimens were randomly allocated to one of four 
storage groups; Group 1: 24 hour water ageing, Group 2: 4 month water ageing, Group 3: 4 month water 
ageing with weekly fluoride recharge (5000ppm for 10min) and Group 4: 4 month acid ageing with 
weekly fluoride recharge. At the completion of the allocated storage time a load was applied to each 
specimen at a cross head speed of 0.5mm/min until failure.  
Results: Weekly fluoride recharge over 4 months ageing did not significantly (p>0.05) reduce the dentine 
shear bond strength of FL Bond II or UniFil Bond. Storage media did not significantly (p>0.05) affect bond 
durability of FL Bond II or Unifil Bond.  
Conclusions:  The adhesion between fluoride rechargeable FL Bond II and dentine maintained durability 
despite regular fluoride recharge over the four months ageing. Clinicians prescribing the fluoride 
recharge regime used in the present study to reduce recurrent caries incidence associated with giomer-
FL Bond II restorations can do so without compromising dentine bond strengths. 
Key Words: giomers, FL-Bond II, Beautifil II, fluoride recharge, bond strength. 
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7.3 INTRODUCTION 
Recurrent caries is a primary cause for replacement of resin composite restorations.1 This is 
detrimental to the long term oral health of an individual since composite restoration replacement can 
result in an increase in cavity volume by up to 37%.2 Significantly however, glass ionomers have a 
demonstrated ability to inhibit the initiation and progression of recurrent caries.3,4 This ability has been 
attributed to the fluoride release and fluoride recharge of glass ionomers3,4 and has stimulated 
development of resin composites and resin-dentine adhesive systems also capable of fluoride release5 
and fluoride recharge.6 
For a fluoride releasing composite-adhesive system to facilitate recurrent caries inhibition, it is 
essential that the placed composite and adhesive are able to maintain seal and demonstrate fluoride 
recharge and subsequent fluoride re-release.7,8  Carious tooth destruction results from episodes of 
demineralisation of tooth structure exceeding remineralisation over time.9 Consequently, to optimise 
the possibility for recurrent caries inhibition, a sustained level of fluoride release over time from a 
restorative material-adhesive system is necessary. Since the intrinsic fluoride release from fluoridated 
restorative materials and adhesives declines with time,6,10 the capacity for a restoration to exhibit a 
sustained fluoride release will be determined by a material’s ability to demonstrate fluoride recharge. 
Significantly, no study has considered the effect that repeated fluoride recharge and storage media has 
on resin-dentine bond durability of fluoride rechargeable composites and adhesives. 
The aim of this study was to assess the effect of repeated fluoride recharge, ageing and storage 
media on dentine bond strength durability of a fluoride-rechargeable giomer adhesive. The present 
study thus examined whether repeated fluoride recharge, if prescribed to optimise restoration fluoride 
release in an attempt to lower recurrent caries incidence associated with giomer composite 
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restorations, would be clinically detrimental. The null hypothesis that fluoride application would cause 
no difference in the bond strength of each adhesive was examined.   
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7.4 MATERIALS AND METHODS 
Two self-etching dentine-composite 2 step adhesive systems were evaluated in the present 
study; fluoride rechargeable giomer FL Bond II (Shofu Inc, Kyoto, Japan; Lot 0708) and non-fluoride-
containing UniFil Bond (GC Co., Tokyo, Japan; Lot 0905271).  The fluoride rechargeable restorative 
composite most compatible with each adhesive system was bonded to the adhesive to form a 
composite extension; Beautifil II (Shofu Inc, Kyoto, Japan; Lot 060854; A2) was used with FL-Bond II and 
Gradia Direct X (GC Co., Tokyo, Japan; Lot 0805142; A3) was used with UniFil Bond.10   
Non-carious third molar teeth were collected from Westmead Centre for Oral Health after 
gaining ethics approval from the Westmead Scientific Advisory QA Committee and the WSLHD Human 
research Ethics Committee. The teeth were disinfected by soaking in hypochlorite solution for 5 minutes 
following extraction. After disinfection the teeth were stored in saline solution at 4°C prior to being 
embedded in epoxy resin. The embedded teeth were subsequently transversely sectioned 2mm coronal 
to the cemento-enamel junction. Sixty four resultant mid coronal dentine surfaces were then polished 
using 240, 400 and 600 grit silicon carbide paper before storage in deionised water at 37°C.   
For each adhesive, four groups of 8 specimens were fabricated.  To ensure a consistent bonded 
surface area for each specimen, a piece of high gloss tape exhibiting a circular hole of 6.0mm diameter 
was placed onto each of the dentine surfaces prior to adhesive application.  The bonding procedure was 
then completed according to the manufacturer’s instructions (Table 7.1) and cured (intensity 
675mW/cm2). A clear plastic cylinder of 6.0mm diameter was then placed over the exposed bonded 
dentine.  Composite was placed and cured in 2mm increments to fabricate a composite extension.  The 
high gloss tape and plastic cylinder were then removed from the specimens before acid resistant varnish 
was applied to each specimen creating an annulus of exposed dentine of 1mm to surround the bonded 
interface (Figure 7.1). 
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Each of the four specimen groups of each adhesive were aged at 37°C according to the following 
differing conditions  
Group Number   Storage Conditions 
1  Deionised water (pH 6.5) aged 24 hours 
2   Deionised water aged 4 months 
3   Deionised water aged 4 months plus weekly fluoride recharge 
4  Lactic acid (pH 4.0) aged 4 months plus weekly fluoride recharge 
 
The storage media for each group was replaced every four weeks. Those specimens receiving 
fluoride recharge were removed from their solutions and pat-dried prior to a ring of fluoride gel 
(5000ppm; Colgate Neutrafluor 5000) being applied to the exposed dentine around the circumference of 
the resin-dentine interface.  The gel was left in place on each specimen for 10 minutes before being 
rinsed off using deionised water. Following recharge, specimens were returned to their storage media.  
This recharge regime was undertaken on a weekly basis for the 4 months of the study.   
For Group 1 shear bond strength testing was conducted at 24 hours, Groups 2-4 were tested at 
4 months after preparation. A universal testing machine (Shimadzu Autograph [AG-50 KNE]) was used to 
apply a load at a cross head speed of 0.5mm/min until failure. Following failure each specimen was 
examined under a stereo light microscope to determine the failure mode. ‘Adhesive’ failure was 
recorded when clean dentine only or clean dentine with minimal adhesive remnants remained visible on 
the dentine surface. ‘Cohesive failure-resin’ was recorded when a portion of the composite resin 
cylinder remained attached to the dentine surface. ‘Cohesive failure–dentine’ was recorded when 
dentine had pulled-out from the fractured surface.  
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Each group of specimens was analysed using the Kolmogorov-Smirnov test to confirm that the 
distribution of results conformed to a normal distribution.  As all groups conformed to a normal 
distribution it was then deemed appropriate to apply analysis of means and variances to determine 
differences between groups.  Two-way ANOVA (3 variables) followed by one way analysis of variance 
(p=0.05) was used to determine the effect of fluoride recharge, storage media and ageing on the 
durability of shear bond strength. 
 
 
Figure 7.1: Diagrammatic representation of tested specimens. 
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Table 7.1: Materials tested for bond strength durability 
Product and manufacturer Contents Steps of application 
FL Bond II 
Shofu Inc., Kyoto, Japan 
S-PRG fillers; HEMA ;UDMA; 
TEGDMA 
Dispense FL-Bond II Primer, apply 
thoroughly on the enamel and 
dentine surface, leave for 10s.  Dry 
with oil-free air for 5s. Dispense 
FL-Bond II Bonding Agent. Apply an 
even layer on the entire 
restorative surface. Light-cure for 
10s with Halogen light or 5s with 
LED 
Beautifil II  
Shofu Inc., Kyoto, Japan 
S-PRG glass filler, fluoride 
containing fluoroboroalumino 
silicate glass filler particles, 
TEGDMA, BisGMA (17 % wt) 
 
UniFil Bond 
GC Co., Tokyo, Japan 
Silica filler particles; HEMA ;UDMA; 
TEGDMA 
Primer application, leave 
undisturbed for 20s. Gently air dry 
5s.  Primed surface to appear 
glossy.  Bonding agent applied. 
Blow gently with an air syringe to 
form a thin film. Light cure for 10s 
Gradia Direct X 
GC Co., Tokyo, Japan 
Fluoro-alumino-silicate glass, pre-
polymerised filler, silica, 
UDMA, unspecified dimethacrylate 
co- monomers (23%wt). 
 
S-PRG filler – Surface reaction type pre-reacted glass ionomer; BisGMA; 2, 2-bis [4-(2’-hydroxy-3’-methacryloxy-
propoxy) phenyl] propane; TEGDMA triethylene glycol dimethacrylate, UDMA urethane dimethacrylate, HEMA 
hydroxy ethyl methacrylate 
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7.5 RESULTS 
Figure 7.2 depicts the effect of weekly fluoride recharge over a four month period upon FL-Bond 
II shear bond strength. No significant (p >0.05) reduction in FL-Bond II shear bond strength was observed 
as a result of specimens undergoing weekly fluoride recharge during four months ageing in either 
deionised water or lactic acid. The measured difference between 24-hour bond strengths and the 
fluoride recharge specimens aged in water was not statistically significant (p > 0.05). 
Figure 7.3 depicts the effect of weekly fluoride recharge over a four month period upon UniFil 
Bond shear bond strength. No significant (p>0.05) reduction in shear bond strength was observed for 
UniFil Bond specimens undergoing weekly fluoride recharge over four months ageing in deionised water 
or lactic acid. 
Figure 7.4 compares the shear bond strength of FL-Bond II and UniFil Bond specimen groups 
that each received weekly fluoride recharge but were stored in different media (deionised water or 
lactic acid) over four months. No significant (p >0.05) difference in shear bond strength was observed 
between those specimens of each adhesive stored in water and those stored in lactic acid. 
Figure 7.5 shows the percentage distribution of failure modes for each specimen group. After 24 
hours ageing, the primary failure mode after testing for both bonding systems was adhesive failure. All 
specimen groups after ageing four months, in either acid or water, with or without fluoride recharge, 
exhibited adhesive failure as their primary failure mode. 
The null hypothesis that fluoride application would cause no difference in the bond strength of 
each adhesive was therefore accepted. 
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Figure 7.2: The effect of weekly fluoride recharge (F-) on FL-Bond II (FL) shear bond strength over 4 
months ageing in deionised water (W) and lactic acid (LA) 
 
 
Figure 7.3: The effect of weekly fluoride recharge (F-) on Unifil Bond (U) shear bond strength over 4 
months ageing in deionised water (W) and lactic acid (LA) 
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Figure 7.4: The effect of storage media (W=Deionised water, LA= Lactic Acid pH 4) on shear bond 
strength of FL-Bond II (FL) and Unifil Bond (U) specimens, after 4 months ageing 
 
 
Figure 7.5: Failure mode distribution for each specimen group. W = Deionised water storage medium,    
LA = Lactic Acid storage medium, F-=Fluoride recharge 
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7.6 DISCUSSION 
The failure of resin composite restorations due to recurrent caries1 has led to the development 
of resin composites and resin-dentine adhesive systems capable of fluoride release and fluoride 
recharge.6,10 The present study revealed that FL-Bond II, a resin-dentine adhesive system capable of 
fluoride release and recharge6,10 exhibited no significant (p>0.05) reduction in dentine shear bond 
strength despite weekly fluoride recharge (5000ppm, 10 mins) over a four month period of ageing in 
vitro.     
The efficacy of a self-etching resin-dentine adhesive system relies on the development of a 
hybrid layer at the resin-dentine interface.11 Challenges resulting in degradation of either the resin 
component12 or the unprotected collagen fibrils13 that form the hybrid layer, can severely affect the 
integrity of the hybrid layer and therefore affect bond durability.  Such degradation has been reported 
to occur rapidly.14 In fact; De Munck et al15 concluded that all classes of adhesives exhibit evidence of 
mechanical and morphological degradation within 3 months of adhesive placement.  The stability of the 
bond strength values in the present study over the four months ageing, despite the insult of regular 
fluoride application and acidic storage, therefore holds significance.  
The observed bond durability with ageing of fluoride-releasing FL Bond II was consistent with 
previous studies. As in the present study, Nakajima et al16 and Donmez et al17 both observed bond 
strength stability of fluoride releasing adhesives with ageing. Donmez et al17 and Nakajima et al16, 
attributed this stability to the released fluoride from the adhesive acting to reduce dentine degradation 
within the hybrid layer so improving hybrid layer longevity. However, in contrast to the findings in the 
present study, both authors found a decrease in the bond strength of a fluoride free adhesive over 
time.16, 17 
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It is proposed that the components within the adhesives contributing to the resin-dentine bond 
provided the mechanism for the observed bond durability of FL Bond II and UniFil Bond in the present 
study.  FL Bond II contains Pre-reacted glass ionomer (PRG) particles which exhibit a stable glass ionomer 
hydrogel that surrounds an inner fluoridated glass core.18 The glass ionomer phase of the PRG filler 
surface has the ability to form an ion exchange bond with the inorganic component of dentine.19 Such a 
chemical interaction results in resin-dentine bonds more able to resist hydrolytic break-down.15 Notably, 
the mechanism of dentine adhesion of UniFil Bond also in part occurs via ionic bonding to tooth 
structure.20  The carboxylic ions (contained in the self-etching primer) chemically adhere to the calcium 
available in dentine.  The process of chemical adherence of the Unifil Bond resin tags occurs as the resin 
tags chemically adhere to the self etching primer during light curing.21 
In addition to storing specimens in deionised water, lactic acid (pH 4.0) was also used as a 
storage medium to expose the bonding interface to a pH below that needed to initiate caries.  This was 
examined as demineralisation  of the dentine immediately below the hybrid layer through acid exposure 
can result in hybrid layer degradation with time.16 However, the results of the present study suggest that 
the direct action of fluoride  applied during recharge along with any fluoride release and re-release from 
the adhesive could inhibit this degradation. Fluoride application, fluoride release and re-release from an 
adhesive has the capacity to  increase the local concentration of fluoroapatite in dentine adjacent to the 
hybrid layer.22 Dentine containing fluoroapatite is less soluble than dentine containing hydroxyapatite 
alone. Dentine of lower solubility is also less susceptible to hydrolytic enzyme production and therefore 
its presence within the hybrid layer can improve bond durability.16 Additionally, the bond stability 
exhibited by UniFil Bond specimens aged in lactic acid and recharged weekly in the present study is 
notable as it suggests that regular fluoride recharge may also potentiate bond durability of non fluoride 
releasing adhesives.  The ability of applied fluoride to inhibit the action of denaturing enzymes23 within 
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the hybrid layer as well as promote remineralisation of the hybrid layer at the exposed resin-dentine 
interface is a possible reason for this observation. 
The 10 minute gel application fluoride recharge regime utilised in the present study was chosen 
as it is within the range of patient compliance (a weekly application of a widely available product) and 
because a regime of lower duration has been shown to enable the composite materials in the present 
study to exhibit fluoride recharge and re-release.10 A recent study by Naoum et al 10 demonstrated that 
following a 5 minute fluoride recharge episode, using 5000ppm NaF gel, Beautifil II and Gradia Direct X 
exhibited fluoride re-release into both lactic acid and deionised  water. The same authors also observed 
that the average daily post recharge re-release by Beautifil II in the first 24 hours after recharge was 
comparable to the daily fluoride release exhibited by Fuji IX Extra after 21 days of ageing and beyond. 
Notably, it is this long term daily ‘plateau fluoride release’ from glass ionomers (that occurring after 21 
days ageing) which provides glass ionomers the capability to demonstrate recurrent caries inhibition.24-26 
Consequently, employment of the fluoride recharge regime by patients as used in the present study has 
the potential to enable Beautifil II-FL-Bond II restorations to exhibit a fluoride release comparable to the 
long term intrinsic release from glass ionomers as well as the possibility of comparable caries inhibitive 
activity that such fluoride release from glass ionomers has been observed to generate.24-26  The report by 
Gordan et al’27 indicating that of 61 Beautifil–FL Bond restorations monitored over 8 years, nil failed due 
to recurrent caries and Iida et al’s28 observation that an acid resistant layer within dentine beneath FL 
Bond II restorations can form due to its fluoride release,  provides support for this potential being 
actualised.   
The bond strength stability of the assessed adhesives despite fluoride recharge is also notable 
since the process of fluoride recharge results in a substantial fluoride ion concentration gradient being 
generated between the outer margin of the resin-dentine interface and the centre of the bonded 
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interface at the level of the hybrid layer. This generated fluoride ion concentration gradient can facilitate 
fluid movement within the hybrid layer. Should hybrid layer porosities exist, fluid movement will initiate 
hydrolysis of the adhesive resin within the hybrid layer and cause bond degradation.29 The bond 
durability of FL Bond II over the four month period of this study therefore indicates that the utilised 
fluoride recharge protocol (5000ppm for 10 minutes, weekly) does not significantly initiate such 
degradation.   
However, there is likely to be a concentration and/or frequency of fluoride recharge that will 
eventually result in bond strength reduction. Some porosity within the hybrid layer is inevitable.30,31 
Consequently, a threshold of hybrid layer nano leakage leading to bond degradation that is induced by 
fluoride generated osmotic pressure, will ultimately be reached.  Thus a trade off between the ability of 
a fluoride-releasing resin to produce remineralisation of hybrid layer dentine via fluoride re-release and 
the maintenance of bond durability should be anticipated. Further study is required to identify the 
concentration and regularity of fluoride recharge that could precipitate the level of hybrid layer nano 
leakage detrimental to bond durability. 
The limited impact of the fluoride recharge regime on adhesive strength may also be a 
consequence of the specimen bonding interface dimensions. De Munck et al15 has indicated that most 
bond degradation processes are diffusion rate-dependent, and therefore are influenced by the 
perimeter vs. bonded surface area ratio.  In the present study the size of the interface used was 
deliberately large compared to micro-tensile testing specimens used in other studies. This was to 
reproduce the clinical situation of a class V cervical lesion; a recommended application of FL Bond II – 
Beautifil II restorations.  The observed high rate of adhesive failure of specimens in the present study 
means the results from the present study are comparable in reliability to that which could have been 
obtained if micro-tensile testing had been used. 
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7.7 CONCLUSIONS 
The present study assessed the effect that repeated fluoride recharge, ageing and storage 
media has on the bond strength durability of two resin-dentine adhesive systems, including a system 
capable of fluoride recharge (FL Bond II).  Within the limits of this in vitro study, no significant (p>0.05) 
reduction in shear bond strength was observed for FL Bond II and UniFil Bond specimens exposed to a 
weekly fluoride recharge regime (5000ppm for 10 minutes) over four months ageing in lactic acid or 
distilled water. Therefore clinicians who prescribe this recharge regime, with the intent of potentially 
reducing recurrent caries incidence associated with resin composite restorations containing PRG 
particles, can do so without compromising dentine bond strengths. 
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The series of studies presented in Chapter 4 to Chapter 7 of the present thesis provided an 
assessment of previously uninvestigated properties of resin composites containing Pre-reacted glass 
ionomer (PRG) particles. This assessment was undertaken to more definitively establish whether the 
inclusion of PRG filler particles within resin composites has the potential to contribute to 
improvement of the longevity of direct resin composite restorations and the longevity of contacting 
unrestored tooth surfaces. The study findings indicate that inclusion of Pre-reacted glass ionomer 
filler particles within resin composites has the ability to enable sustainable resin composite fluoride 
release which has the potential to facilitate a reduction in caries incidence at both the margins of 
composite restorations and at adjacent unrestored interproximal surfaces. The present study 
indicates that resin composites containing PRG particles are suitable for restorative situations where 
conventional resin composite placement is appropriate and should be especially considered by 
clinicians when restoring cavities in the aesthetic zone of ‘high caries risk’ patients.   
When considering the potential for the fluoride release from a resin composite to facilitate 
caries inhibition at restoration margins and at unrestored contacting surfaces, the sustainability of 
composite fluoride release is crucial.1-4 The reality of the carious process occurring over time 
necessitates that for a restorative material’s fluoride release to contribute to caries inhibition it must 
be sustained with time. Notably, this was demonstrated by the assessed PRG containing composite 
(Beautifil II) in the present study over an 18 month period. Additionally, Beautifil II also maintained 
fluoride recharge capability, despite long term (18 month) ageing (Chapter 4 Part B). This 
maintenance of fluoride recharge capability with ageing is highly significant as it allows a restoration 
to function as a fluoride reservoir and provide a continual source of fluoride for marginal and 
contacting interproximal tooth structure in the context of regular recharge episodes.  
However, it was not simply that Beautifil II was able to maintain fluoride release and fluoride 
recharge capability that was significant, the quantity of fluoride re-release following fluoride 
recharge is also notable. The present study reported quantities of fluoride re-release following 
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fluoride recharge from Beautifil II as being comparable to the long term intrinsic ‘plateau’ fluoride 
release from glass ionomer Fuji IX Extra (Chapter 4).5 Since it is the long term ‘plateau’ fluoride 
release from glass ionomers, that which occurs after four weeks ageing,6, 7 which is responsible for 
any reported caries inhibitive action of glass ionomers,8 the present study suggests that should 
fluoride be applied regularly to restorations containing PRG particles, these restorations can function 
as a fluoride reservoir capable of causing caries inhibition at a level comparable to that of glass 
ionomers.5 Consequently in order to optimise any potential caries inhibitive activity provided 
through PRG fluoride release, from the present study it is recommended that clinicians prescribe to 
patients a regime of regular fluoride gel application, by use of a clean finger, to placed giomer 
restorations as part of their routine home care. 
Having established the importance of a regular fluoride recharge regime to optimise PRG 
fluoride release, it became apparent that evaluating the effect of regular fluoride recharge on the 
adhesion between dentine and giomer restorations was needed. Should regular fluoride application 
affect the adhesion between PRG containing composites and tooth structure, the ability to advise 
clinicians to recommend frequent fluoride application to giomer restorations would be undermined. 
Importantly, the results of this study showed that a weekly application of fluoride (5000ppm, 10 
minutes) to giomer restoration margins over a period of four months was not detrimental to the 
adhesion between PRG composite restorations and dentine. 
The application of fluoride upon a restoration margin, results in a substantial fluoride ion 
concentration gradient being generated across the bond interface at the level of the resin dentine 
hybrid layer. This generated fluoride ion concentration gradient potentially promotes fluid 
movement within the hybrid layer. Should hybrid layer porosities exist, fluid movement will cause 
hydrolysis of the adhesive resin within the hybrid layer and cause bond degradation.9 Consequently, 
in the context that some porosity within the hybrid layer is inevitable,10, 11 the observed bond 
durability in the present study of FL Bond II-Beautifil II specimens exposed to repeated fluoride 
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recharge provides clinicians with confidence to prescribe regular fluoride applications to giomer 
restorations. It is likely that a contributing factor to the observed giomer-dentine bond durability is 
the action of the PRG glass ionomer phase forming an ion exchange bond with the inorganic 
component of dentine.12    
However, there is likely to be a concentration of fluoride recharge that will eventually result 
in bond strength reduction. As the concentration of applied fluoride increases, the level of fluoride 
generated osmotic pressure correspondingly increases between a restoration margin and the 
restoration centre. Ultimately there will be a concentration of applied fluoride that will generate a 
level of hybrid layer nano leakage sufficient to induce dentine-resin bond degradation. Thus a trade-
off between the ability of a resin composite containing PRG particles to produce remineralisation via 
fluoride re-release and the maintenance of bond durability should be anticipated. Further study is 
required to identify the concentration that could cause the level of hybrid layer nano leakage that 
would be detrimental to bond durability.  
 Having considered the durability of the adhesion between giomer restorations and dentine, 
the direction of the present study turned to evaluate the effect of fluoride release and fluoride 
recharge on the physical durability of restorative materials containing PRG particles. The mechanical 
properties of Beautifil II were evaluated over 18 months ageing (Chapter 4). Importantly, the elastic 
modulus and hardness of Beautifil II did not significantly (p<0.05) change with ageing, fluoride 
release, fluoride recharge and water storage over this period.  Additionally, the absolute values for 
the elastic modulus and hardness of Beautifil II were comparable to those of the other assessed resin 
composites (Tetric EvoCeram and Gradia Direct X) and far exceeded the elastic modulus and 
hardness values of the assessed glass ionomer, Fuji IX Extra. The observed physical durability of 
Beautifil II at values similar to that of conventional composites5 suggests the capability of giomers in 
high load bearing areas; clinical situations where employment of glass ionomers is 
contraindicated.13,14 This therefore points to the potential for PRG containing composites to be 
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employed in areas where fluoride release is desirable for caries inhibition but glass ionomers are 
contra-indicated on the basis of occlusal loading. 
Having observed the long term demonstration of several significant properties of giomer 
Beautiful II; fluoride release, fluoride recharge, mechanical stability and bond durability, a decision 
was made to assess the willingness of clinicians to utilise PRG composites. Despite the evidence of 
the present study suggesting that fluoride released from PRG particles included within resin 
composites could facilitate an improvement in the longevity of resin composite restorations and 
contacting tooth surfaces, this will only result in improved patient outcomes if practitioners employ 
PRG containing composites clinically.  
To assess the willingness of dental practitioners to employ PRG containing composites in 
practice, 132 practitioners (63 graduates and 69 students) were asked to complete a comparative 
handling assessment of five composites including giomer Beautifil II. Additionally each participant 
completed a questionnaire to ascertain the importance that practitioners place upon fluoride 
release when selecting a composite and the tolerance practitioners have to accept a compromise in 
aesthetics and handling if necessary to gain composite fluoride release. The five composites chosen 
for evaluation as part of the handling assessment were also deliberately chosen for examination in 
the polymerisation shrinkage profile evaluation. Importantly, when the results from these two 
aspects of the present study (Chapter 5 and Chapter 6) are viewed in combination, a limitation of the 
performance of composites containing PRG particles is identified.                                          
The handling assessment in this study clearly depicted Beautifil II exhibiting a significantly 
(p<0.05) lower viscosity relative to the four other assessed materials; low shrinkage composites 
Silorane and Kalore and conventional composites Filtek Supreme XT and Gradia Direct X. These 
findings can be attributed to the greater level of TEGDMA within Beautifil II in comparison to the 
other four assessed composites [Table 6.1, Chapter 6]. Notably, in addition to reducing resin 
viscosity, TEGDMA inclusion within a resin matrix can increase the polymerisation shrinkage of a 
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resin composite material. Due to its relatively lower molecular weight, TEGDMA  exhibits a higher 
density of polymerisable carbon double bonds compared to BisGMA, UDMA  and DX-511 (DX-511 
has a molecular weight approaching twice that of BisGMA and UDMA).15 This differential in double 
bond density results in TEGDMA undergoing a substantially greater volume of polymerisation 
contraction per unit mass compared to BisGMA, UDMA, DX-511 and the Oxirane rings in Silorane.16-
19 Consequently as the concentration of TEGDMA  increases, the total volumetric polymerisation 
shrinkage of a composite will increase proportionally, as revealed in the polymerisation profile 
analysis within the present study (Chapter 5).20 
These effects of TEGDMA on handling and polymerisation contraction of resin composites 
therefore leaves manufacturers of PRG containing composites with a difficult tension to manage. It is 
advantageous for manufacturers to increase the concentration of TEGDMA  within PRG containing 
composites due to its relatively hydrophilic nature in comparison to BisGMA and UDMA.17 For a 
restorative material to exhibit fluoride release and fluoride recharge capability, it must be able to 
absorb fluid from its surrounding environment.5, 21 Since the hydrophilicity of TEGDMA is greater 
than that of BisGMA and UDMA17 the inclusion of TEGDMA within the resin matrix of giomers has 
the potential to optimise fluoride release from PRG particles contained within composites. However, 
as the results of this study also indicate, by increasing composite TEGDMA concentration a 
proportional increase in resin matrix polymerisation contraction will take place (Chapter 5). Should 
an increase in resin matrix polymerisation be generated an increase in both the incidence of 
marginal gap formation and the presence of deficient interproximal contacts associated with giomer 
restorations can occur and therefore undermine the efficacy of any fluoride released from             
PRG particles.22, 23  
This study therefore highlights the challenge faced by manufacturers aiming to lower the 
incidence of caries associated with restorative composites through PRG filler particle inclusion. 
Encouragingly however, the findings of the present study do provide manufacturers with a mandate 
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to investigate the level of TEGDMA incorporation within giomer composites. Should manufacturers 
of PRG containing composites reduce the concentration of TEGDMA within the resin matrix in order 
to lower volumetric polymerisation shrinkage and raise composite viscosity, the present study 
suggests that clinician acceptance of giomer composites will increase.22 The present study thus 
indicates that development of several experimental giomer composites, each with identical PRG 
loading but different TEGDMA concentrations would be a profitable exercise as this would enable 
identification of the ‘optimal’ TEGDMA concentration in giomers. Development of such a range of 
experimental composites and evaluation of their fluoride release, fluoride recharge, handling and 
polymerisation shrinkage in addition to clinical investigation of the current generation of giomer 
(Beautifil II) is therefore the recommended next stage in the quest to maximise the potential efficacy 
of PRG particles in restorative dentistry.  
In closing it is appropriate to acknowledge some of the limitations of the present study. In 
addition to the time frame limitations of the various assessments, it is notable that while numerous 
in vitro and in vivo studies have demonstrated the effectiveness of fluoride release from restorative 
materials in reducing the incidence and progression of recurrent caries at restoration margins2, 3, 24-27 
some debate over the benefit of restorative material fluoride release in vitro remains.23, 28, 29 
Further, even if it is accepted that restorative material fluoride release can reduce recurrent 
caries incidence, quantifying the caries inhibitive effect that giomer fluoride release can make is not 
able to be discerned from the present study. Not only is the required quantity of fluoride release 
from a restorative material required to inhibit recurrent caries unknown from the literature3 but the 
multi-factorial nature of the carious process means this is difficult to quantify.  
However despite these limitations, the present study does make a significant contribution 
towards understanding the potential applications and benefits of Pre-reacted glass ionomer particles 
in restorative dentistry. The long term fluoride release, long term fluoride recharge capability, long 
term mechanical stability and bond durability of the current generation of giomer restorative 
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material and adhesive provides the possibility for resin composite restorations containing PRG 
particles to demonstrate  a lower incidence of failure due to recurrent caries in comparison to 
conventional non fluoride releasing composites. Additionally, the findings of the present study 
indicate that inclusion of PRG particles within resin composites has the capacity to reduce the 
incidence of new caries affecting unrestored tooth surfaces in contact with composite 
restorations.30-32 The results of findings of the present study therefore suggest that composites 
containing PRG filler particles can be considered as the material of choice for restoring aesthetically 
demanding cavities under occlusal loading in high caries risk patients; situations in which fluoride 
availability for restoration margins and unrestored contacting tooth surfaces is advantageous, but 
glass ionomer placement is contraindicated.13, 14 Clinical research is planned to confirm these 
possibilities.  
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FINAL CONCLUSIONS 
Within the scope and limitations of the present study, eight surmising final conclusions can be 
stated.   
• Resin composites containing PRG particles have an ability to sustain fluoride release over long 
term (18 month) ageing. 
• Resin composites containing PRG particles have a capacity to sustain fluoride recharge capability 
despite long term (18 month) ageing.  
• Resin composites containing PRG particles exposed to regular topical fluoride application (daily, 
5 minutes duration) have the ability to re-release fluoride at levels comparable to the fluoride 
released by glass ionomers after four weeks ageing. 
• Resin composites containing PRG particles are able to maintain mechanical property stability 
(elastic modulus and hardness) despite long term (18 month) ageing, fluoride release and 
fluoride recharge at values comparable to those demonstrated by conventional composites and 
at values significantly exceeding those of glass ionomers. 
• Over a four month period of investigation, repeated fluoride recharge to margins of giomer 
restorations did not reduce giomer-dentine bond strengths.  
• The polymerisation shrinkage rate and volume of giomer Beautifil II significantly exceeded that 
of new ‘low shrinkage’ composites Kalore and Silorane and was greater than that of 
‘conventional’ composites Gradia Direct X and Filtek Supreme XT.  
• Giomer Beautifil II exhibited a lower viscosity in comparison to conventional composites causing 
a reduction in practitioner acceptance, on the basis of handling. The observed greater 
polymerisation shrinkage and lower viscosity of Beautifil II in comparison to the other assessed 
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composites (Silorane, Kalore, Gradia Direct X, Filtek Supreme XT)  can be attributed to the 
greater concentration of TEGDMA in giomers in comparison to TEGDMA levels within 
conventional or ‘low shrinkage’ composites.  
• Practitioners have indicated a willingness to utilise resin composites containing PRG particles on 
the basis of their fluoride release. This willingness will increase further should future generations 
of composites containing PRG particles exhibit a reduction in polymerisation shrinkage and an 
increase in material viscosity at the time of placement.  
The eight conclusions of the undertaken study therefore reveal many key benefits as well as 
limitations of the performance of composites containing Pre-reacted glass ionomer particles.  
Consequently, in addition to indicating that the inclusion of PRG particles within composite 
restorative materials has the potential to reduce the incidence of caries at the margins of composite 
restorations and at contacting tooth surfaces via fluoride mediated caries inhibition, these eight 
conclusions point to recommendations for both dental practitioners and material manufacturers 
seeking to optimise giomer performance. The recommendations for dental practitioners in the 
clinical placement of composites containing PRG particles are as follows: 
• Practitioners should advise patients to regularly apply topical fluoride to placed giomer 
restorations as part of their routine home care regime. A daily five minute application of 
5000ppm neutral sodium fluoride gel will generate a fluoride re-release from Beautifil II 
comparable to the long term fluoride release from glass ionomer Fuji IX Extra. 
• Practitioners should take action to minimise the generation of polymerisation contraction stress 
during giomer restoration placement. Incremental placement of giomer composites to enable ‘C’ 
factor minimisation is therefore advised.   
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The recommendations for material manufacturers producing composites containing PRG filler 
particles are as follows: 
• Manufactures are advised to develop several experimental composites each containing the same 
volume of PRG filler particles but containing levels of TEGDMA less than that of Beautifil II. 
Manufacturers are also advised to develop experimental composites containing PRG filler 
particles within matrices of ‘low polymerisation shrinkage’ monomers. For each of these 
experimental composites the fluoride release and recharge capability; the polymerisation 
shrinkage rate and volume; and the handling characteristics should be evaluated and compared 
to the data for Beautifil II presented in the present thesis. This process of material development 
and evaluation would enable identification of the matrix constitution best facilitating giomer 
performance. 
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FUTURE DIRECTIONS  
In light of the present study and the benefit derived from further defining the extent to which 
the inclusion of PRG particles within resin composites can increase the longevity of resin composite 
restorations and contacting tooth surfaces in comparison to currently available non fluoride 
containing composites, three broad areas warrant further investigation and action: 
1. In conjunction with industry, action should be taken to develop ‘low shrinkage’ resin matrices 
suitable for PRG inclusion; either through the use of ‘low shrinkage’ base monomers or reducing 
TEGDMA levels in comparison to that utilised within Beautifil II.  
2. Investigation should be undertaken to identify the frequency and concentration of applied 
topical fluoride upon giomer restorations that will initiate hybrid layer nano leakage and 
degradation of the adhesion between dentine and PRG containing dentine bonding systems. This 
will enable identification of the optimal regimen of fluoride application which can be prescribed 
to patients without causing a decline in restoration adhesion. 
3. Clinical evaluation of current and future generations of giomer restorations is advised. The 
evaluation should include an assessment on the effect of regular fluoride application (various 
regimes; frequency and concentration of application) on the incidence of caries at the margins of 
giomer restorations and at unrestored interproximal surfaces in contact with placed giomer 
restorations.  
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CONCLUDING STATEMENT  
In finality then, within the scope and limitations of the present study, it can be concluded 
that inclusion of PRG filler particles within resin composites has the potential to facilitate resin 
composite fluoride release. Consequently inclusion of PRG filler particles within resin composites has 
the potential to improve composite restoration longevity and the longevity of contacting unrestored 
tooth surfaces through fluoride mediated caries inhibition. The results of this study therefore 
suggest that resin composites containing PRG filler particles should be strongly considered by 
practitioners when restoring aesthetically demanding cavities and cavities subject to occlusal loading 
in high caries risk patients; situations in which fluoride availability for restoration margins and 
contacting tooth surfaces is advantageous, but glass ionomer placement is contraindicated.  In order 
to optimise the potential benefits provided through PRG particle inclusion within resin composite 
matrices, the previously outlined recommendations to practitioners and manufacturers should be 
considered. The study results also indicate that long term clinical evaluation of current and future 
generations of placed giomer restorations is warranted to enable clinical confirmation of the findings 
of this study. 
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Fluoride Release, Recharge
and Mechanical Property
Stability of Various
Fluoride-containing Resin
Composites
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Clinical Relevance
Fluoride containing resin composites and especially those containing pre reacted glass
ionomer fillers could be employed to great benefit in treating high caries risk patients in
situations where glass ionomers may be unsuitable; particularly in high load bearing or
aesthetically critical locations.
SUMMARY
Aim: To determine the fluoride release and
recharge of three fluoride-containing resin
composites when aged in deionized water (pH
6.5) and lactic acid (pH 4.0) and to assess
mechanical properties of these composites
following aging.
Methods: Three fluoride-containing resin com-
posites were analyzed in this study; a new
giomer material named Beautifil II, Gradia
Direct X, and Tetric EvoCeram. A glass ionom-
er cement, Fuji IX Extra, was also analyzed for
comparison. Specimens were fabricated for
two test groups: group 1 included 10 disc
specimens initially aged 43 days in deionized
water (five specimens) and lactic acid (five
specimens). The fluoride release from these
specimens was measured using a fluoride-
specific electrode on nine specific test days
during the aging period. Following 49 days of
aging, each specimen was recharged in 5000
ppm neutral sodium fluoride solution for 5
minutes. Specimen recharge was then repeat-
ed on a weekly basis for 3 weeks. The subse-
quent fluoride rerelease was measured at 1, 3,
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and 7 days after each recharge episode. Group
2 included six disc specimens aged for 3
months in deionized water (three specimens)
and lactic acid (three specimens). The hard-
ness and elastic modulus of each specimen was
measured using nano-indentation at intervals
of 24 hours, 1 month, and 3 months after
fabrication. Two-way factorial analysis of var-
iance (ANOVA) and post-hoc (Tukey) testing
was used to assess the influence of storage
media (two levels) and composite type (three
levels) on the fluoride release, fluoride rere-
lease, hardness, and elastic modulus of the
assessed materials. The level of significance
was set at p¼0.05.
Results: All three composites demonstrated
fluoride release and recharge when aged in
both deionized water and lactic acid. The
cumulative fluoride released from Beautifil II
into both media was substantially greater than
the fluoride released from Gradia Direct X and
Tetric EvoCeram after 43 days aging and was
significantly (p,0.05, ANOVA, Tukey test)
greater during several analysis periods. Beau-
tifil II demonstrated the greatest recharge
ability of the three composites over the 3-week
recharge period in both media. Fuji IX Extra
demonstrated a significantly (p,0.05) greater
fluoride release and recharge compared with
the three resin composites. The elastic modu-
lus and hardness of the three composites did
not decrease significantly (p,0.05) with fluo-
ride release or fluid uptake over the 3-month
aging period, in either media.
Conclusion: The three composites in the pre-
sent study demonstrated fluoride release
(Beautiful II . Gradia Direct X . Tetric
EvoCeram) and fluoride recharge (Beautiful
II . Gradia Direct X . Tetric EvoCeram). This
capability raises the possibility of fluoride-
containing composites exhibiting a lower inci-
dence of recurrent caries than non fluoride–
containing composites. The mechanical prop-
erties of each composite did not diminish with
aging and fluoride release over the testing
period.
INTRODUCTION
Recurrent caries is a common mode of failure of
directly placed resin composite restorations.1,2 Resin
composite restorations are particularly susceptible
to recurrent caries due to polymerization contraction
that occurs during curing3 and the difficulty of
attaining reliable adhesion between resin composites
and dentin.4 These phenomena can result in mar-
ginal disruption and subsequent marginal biofilm
formation. Recurrent caries result in significant loss
of tooth structure, both through the actual carious
process and through replacement of affected resto-
rations. The need to replace a restoration is
especially destructive for teeth containing a tooth-
colored restoration. Such replacement can result in
an increase in cavity size by up to 37%.5
Several studies have demonstrated a lower inci-
dence of recurrent caries associated with restorative
materials capable of fluoride ion release.6-8 This
potential of fluoride-releasing restorative materials
to inhibit the initiation and progression of recurrent
caries has stimulated development of new materials,
including the giomer class of restorative materials.
Giomers are dental restorative materials containing
prereacted glass ionomer (PRG) filler particles
within a resin matrix.9,10 PRG filler is formed by
an acid-base reaction between fluoride-containing
glass particles (fluoro-boro-alumino silicate glass
filler) and polyalkenoic acid in the presence of water
prior to integration into the resin.11 Two types of
PRG filler are available: surface reaction type PRG
filler (S-PRG filler), as assessed in this study, and
full reaction type PRG filler (F-PRG filler). S-PRG
filler particles exhibit a three-layer structure. The
glass core is enveloped by a stable glass-ionomer
hydrogel. This hydrogel is then surrounded by the
‘‘reforming phase,’’ which provides structural protec-
tion for the hydrogel.9 Giomers, therefore, differ
from compomers because the glass ionomer hydrogel
within compomers forms only after water uptake by
the compomer resin matrix after polymerization.12
The chemistry of giomer materials facilitates
fluoride ion release and recharge with the potential
for a lower incidence of recurrent caries. However,
few studies have assessed the fluoride release and
recharge of giomers, and no studies have assessed
the effect that fluoride release and aging has on the
mechanical properties of giomer materials.
The aim of this study, therefore, was to determine
the fluoride release and recharge of three fluoride-
containing resin composites, including a giomer,
when aged in deionized water and lactic acid as well
to assess mechanical property stability of these
composites following aging and fluoride release.
MATERIALS AND METHODS
Three fluoride-containing resin composites were
analyzed in this study: Beautifil II (Lot 060854; A2;
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Shofu Inc, Kyoto, Japan) containing prereacted glass
ionomer filler, Gradia Direct X (Lot 0805142; A3; GC
Co, Tokyo, Japan) containing fluoro-alumino-silicate
glass, and Tetric EvoCeram (Lot L24180; A2; Ivoclar
Vivadent, Schaan, Liechtenstein) containing fillers
holding ytterbium trifluoride. A glass ionomer
cement, Fuji IX Extra (Lot 0804151; A3; GC), was
also analyzed for comparison (Table 1). Specimens
were fabricated for two test groups.
Group 1 - Fluoride Release and Recharge
Ten disc-shaped specimens of each material were
prepared using a polytetrafluoroethylene mold (in-
ner diameter 10.0 mm, thickness 1.5 mm). A glass
plate (thickness 1.0 mm) was placed over the
dispensed material, and finger pressure was applied
to each specimen to ensure removal of air and
material excess. Each composite specimen was cured
using a halogen curing light (Optilux 501, Kerr Co,
Orange, CA, USA) at a measured intensity of 400
mW/cm2 (curing radiometer, Demetron Research
Corporation, Danbury, CT, USA) for 40 seconds.
Each glass ionomer specimen was retained in the
mold with a 200-g mass maintaining pressure on the
glass slide for 10 minutes after mixing. Following
fabrication, each specimen was placed in an incuba-
tor at 378C and 100% relative humidity for 30
minutes. The specimen edges were then lightly
polished with dry 600 grit silicon carbide paper,
and dimensions were measured with calipers before
the specimens were placed into storage medium. The
specimens were initially aged in individual plastic
jars containing 20 mL of storage media for 43 days at
378C. Five specimens of each material were aged in
lactic acid solution (pH 4.0), and five specimens were
aged in deionized water (pH 6.5) (Milli Q plus, 18.2
Mcm, Millipore, New York, NY, USA). Following
each measurement of released fluoride ions, the
storage medium of each specimen was discarded.
Specimens were then placed in a clean jar containing
20 mL of fresh storage medium. Measurement and
subsequent medium replacement took place at nine
analysis intervals on days 1, 2, 4, 8, 15, 22, 29, 36,
and 43 (Figure 1). Following 49 days of aging, each
specimen was recharged in 5000 ppm neutral sodium
fluoride solution (NeutraFluor 5000 Plus, Colgate,
New York, USA) for 5 minutes. Specimen recharge
was then repeated weekly for 3 weeks. The fluoride
rerelease that occurred subsequently was measured
at 1, 3, and 7 days after each recharge episode.
To determine the release (and rerelease post
recharge) of fluoride ions after specimen removal, 2
mL of Total Ionic Strength Adjustment Buffer II
buffer solution was added to the 20 mL of storage
media. A fluoride ion selective electrode (Radiometer
Analytical, Copenhagen, Denmark) was used to
measure the fluoride concentration. Standards con-
taining 0.025-0.25 mg/L fluoride in 0.025 mg/L
fluoride steps were used for calibration at each
testing interval. The results attained were expressed
as the quantity of fluoride released per unit area of
specimen (lg/cm2).
Group 2 - Mechanical Properties Analysis
Group 2 comprised six specimens of each material.
These were prepared identically to specimens of
group 1, except that a mold of dimensions 7.032.0
mm was used for logistical reasons. Importantly, due
to the very smooth surface of the pressing glass, each
specimen exhibited a highly smooth, flat ‘‘mirror’’
Table 1: Materials Assessed in This Study
Material Key Contents Manufacturer
Tetric EvoCeram Lot L24180 Filler particles consisting of barium glass, ytterbium trifluoride, mixed oxide,
and prepolymer, unspecified dimethacrylate monomers (17% weight)
Ivoclar Vivadent, Schaan,
Liechtenstein
Gradia Direct X Lot 0805142 Fluoro-alumino-silicate glass, prepolymerized filler, silica, UDMA, unspecified
dimethacrylate comonomers (23% weight)
GC Co, Tokyo, Japan
Beautifil II Lot 060854 S-PRG glass filler, fluoride-containing fluoro-boro-alumino silicate glass filler
particles, TEGDMA, Bis-GMA (17% weight)
Shofu Inc, Kyoto, Japan
Fuji IX Extra Lot 0804151 Fluoro-alumino-silicate glass, copolymer of acrylic and maleic acid, tartaric
acid, water
GC Co, Tokyo, Japan
Abbreviations: Bis-GMA, 2, 2-bis [4-(20-hydroxy-30-methacryloxy-propoxy) phenyl] propane; S-PRG filler, surface reaction type prereacted glass ionomer; TEGDMA,
triethylene glycol dimethacrylate; UDMA, urethane dimethacrylate.
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surface suitable for nano-indentation without pol-
ishing.13 By avoiding polishing, a more accurate
evaluation of the hardness and elastic modulus of
each resin composite was able to be attained. The
polishing process results in heat production, even
when water is used, so potentially adding to surface
polymerization. An applied load of 50 mN was used,
enabling a substantially larger penetration depth to
be achieved compared to any specimen surface
roughness.13 Following fabrication, each specimen
was placed into 20 mL of storage media and aged for
3 months: three specimens in deionized water and
three in lactic acid. The aging solutions were
renewed monthly. The hardness and elastic modulus
of each specimen was measured using nano-inden-
tation at intervals of 24 hours, 1 month, and 3
months after fabrication.
Indentations were made using an ultra-micro
indentation system (UMIS 2000, CSIRO, Canberra,
Australia). A calibrated diamond Berkovich indenter
tip was used to apply loads of 50 mN, 25 lm apart.
For each indentation, the maximum force was held
for 30 seconds before unloading. This hold period at
maximum load ensured minimal creep during un-
loading, therefore, producing more reliable elastic
modulus values.14 Sixteen indentations were made
on each specimen in a 434 array, providing 48 data
points for each material, from each storage medium
at each testing interval. This distribution and
number of indentations was sufficient to identify
any variation in the properties of the material,
should a material not be homogenous. The hardness
and the elastic modulus for each material were
calculated using the UMIS software. The hardness
was calculated by dividing the applied load by the
surface area. The elastic modulus was calculated
using the equation13 1/E
r
¼ (1 v
m
2)/E
m
þ (1 v
i
2)/E
i
where E
r
is the reduced modulus from the nano-
indenter determined from the recovery rate on
unloading at maximum load, where v
m
and E
m
are
the Poisson’s ratio and elastic modulus of the
composite material, and V
i
and E
i
are the elastic
modulus and Poisson’s ratio of the indenter. A
Poisson’s ratio of 0.325 was used, adapted from
Chung and others.15
Two-way factorial analysis of variance (ANOVA)
and post-hoc (Tukey) testing was used to assess the
influence of storage media (two levels) and composite
type (three levels) on the fluoride release, fluoride
rerelease, hardness, and elastic modulus of the
assessed materials. The level of significance was
set at p¼0.05.
RESULTS
The results relating to the analyzed resin composites
will be outlined first, after which a comparison to
Fuji IX Extra will be undertaken. Figure 2 shows the
cumulative fluoride ion release from each composite
in both media. The cumulative fluoride release by
giomer Beautifil II into both deionized water and
lactic acid exceeded the release by Gradia Direct X
(water difference, 89%; lactic acid difference, 23%)
and Tetric EvoCeram (water difference, 170%; lactic
acid difference, 172%) after 43 days aging. The
fluoride release by Beautifil II was significantly
(p,0.05) greater than the release by Tetric EvoCer-
am into water during days 1, 2-15, and 22–36, and
into lactic acid during days 0–36. The fluoride
release by Beautifil II was significantly (p,0.05)
greater than the release by Gradia Direct X into
water during days 1 and 2-15 and into lactic acid
during days 0–2, 8-15, and 29–36. All three compos-
ites continued to release fluoride for the 43-day
aging period, with the exception of Tetric EvoCeram,
which stopped releasing fluoride into water after 36
days. Each composite demonstrated greater fluoride
release when aged in lactic acid. The rate of fluoride
release by each composite in both media decreased
with time at a rate approximately proportional to the
square root of time (x ¼=t).
Figure 3 presents the weekly cumulative fluoride
ion rerelease by each composite aged in the different
media, following a weekly 5-minute fluoride re-
Figure 1. Days of fluoride ion measurement and fluoride recharge treatment (R).
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charge (5000 ppm) in the 3 weeks following 49 days
of aging. All three composites demonstrated fluoride
recharge, with subsequent rerelease of fluoride
following recharge. The fluoride rerelease by Beau-
tifil II was significantly (p,0.05) greater than the
rerelease by Tetric EvoCeram and Gradia Direct X
into water between days 0 and 3 during each of the 3
weeks of recharge analysis. Beautifil II demonstrat-
ed the greatest cumulative rerelease of the compos-
ites, in both media, at the completion of the 3 weeks:
the rerelease percentage difference for Tetric Evo-
Ceram being 57% (water) and 76% (lactic acid) and
for Gradia Direct X 39% (water) and 1% (lactic acid).
Gradia Direct X and Beautifil II exhibited a greater
cumulative rerelease into acid compared to that into
water. With each subsequent fluoride recharge, each
composite rereleased a greater quantity of fluoride in
the week following fluoride treatment despite previ-
ous aging. The greatest average daily fluoride
rerelease from each material was during the first
24 hours post recharge (Figure 4). Figure 5 shows
the hardness and elastic modulus of each composite
aged in deionized water and lactic acid over 3
months. The hardness of Tetric EvoCeram in water
and of Beautifil II in both acid and water did not
change significantly (p.0.05) over the 3-month
aging period. Likewise, no significant change was
observed in the elastic modulus of Beautifil II and
Tetric EvoCeram in acid over the 3 months. A
significant (p,0.05) increase in the elastic modulus
of Beautifil II and Tetric EvoCeram in water and an
increase in the hardness and elastic modulus of
Gradia Direct X in both media was observed after 3
months of aging.
The fluoride release by Fuji IX Extra during the
initial 43 days of aging and following fluoride
recharge was significantly (p,0.05) greater than
that of the three analyzed composites (Figure 6).
Notably, the average daily post recharge rerelease by
Beautifil II in the first 24 hours after recharge was
comparable to the daily fluoride release by Fuji IX
Extra at 21 days of aging and beyond (Figure 6). The
hardness of Fuji IX Extra, which remained stable in
both media over 3 months of aging, and the elastic
Figure 2. Cumulative fluoride ion release by each composite aged in deionized water (W) and lactic acid pH 4.0 (LA) over 43 days.
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modulus were substantially lower than the analyzed
resin composites at each testing interval. In contrast
to the resin composites, Fuji IX Extra displayed a
significant reduction (p,0.05) in the recorded elastic
modulus with aging in both media.
DISCUSSION
In the present study, all three fluoride-containing
resin composites demonstrated fluoride ion release
and recharge capability. Additionally, the analyzed
composites exhibited no significant (p,0.05) reduc-
tion in mechanical properties in either lactic acid
(pH 4.0) or deionized water (pH 6.5) for the 3 months
of the study.
Beautifil II exhibited the greatest fluoride ion
release of the resin-based materials in both deion-
ized water and lactic acid. The fluoride-releasing
ability of S-PRG filler particles would be the primary
reason for this finding; Gradia Direct X, Tetric
EvoCeram, and Beautifil II have a comparable filler
loading and resin matrix hydrophobicity.
The filler particles of the three composites ana-
lyzed have the ability to release fluoride into their
resin matrix and surrounding media as a result of
storage media dissolution of filler particle surfaces.16
However, S-PRG particles have an additional source
of fluoride for release—the fluoride complexes within
their glass ionomer hydrogel.10 Further, the acidified
water within the hydrogel surrounding the inner
glass of S-PRG particles facilitates fluoride release
through continual dissolution of the fluoride-con-
taining glass core.17,18
The greater fluoride release in lactic acid com-
pared to release in water by each composite is
significant in terms of potential inhibition of recur-
rent caries. This ability indicates that the composites
in the present study are most capable of providing
fluoride to surrounding tooth structure at the
moments when adjacent enamel is most susceptible
to demineralization. Such ‘‘smart behavior’’19 points
clinicians to consider the timing in addition to the
quantity of fluoride release when assessing the
caries inhibition potential of fluoridated restorative
materials.
The ability of a material to exhibit fluoride
recharge depends on its ability to retain fluoride.20,21
The hydrophobic nature of the resin matrices of the
analyzed composites implicates the glass ionomer
hydrogel of S-PRG particles as the key reason for the
additional recharge demonstrated by Beautifil II
Figure 3. Weekly cumulative fluoride ion release by each composite aged in lactic acid (LA) and deionized water (W) after weekly 5 minute fluoride
recharge (5000 ppm) following 49 days aging.
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compared with Tetric EvoCeram and Gradia Direct
X. The hydrogel of S-PRG particles exhibits a higher
permeability and porosity than resin matrices.22,23
This hydrogel provides Beautifil II with areas within
its structure capable of greater fluoride uptake
relative to a composite not containing a glass
ionomer phase.
The increased level of recharge by each composite
with each additional fluoride treatment reported in
this study, despite aging, is consistent with previous
studies.16,24 Likewise, the positive relationship be-
tween pre recharge release levels and post recharge
rerelease levels was in concert with previous data.24-26
These findings point to rechargeabilty being governed
by the number of sites available within a material able
to retain absorbed fluoride.18
The relationship between the fluoride recharge
ability and pre recharge fluoride release of the
analyzed composites also explains the increased
recharge demonstrated by Beautifil II and Gradia
Direct X in lactic acid compared to water. In contrast
to expectations from previous studies, Tetric Evo-
Ceram demonstrated a higher recharge in water
compared to lactic acid.22,27 Further, Beautifil II,
while exhibiting a 0greater cumulative rerelease in
acid by the end of the 3-week recharge analysis,
demonstrated a greater rerelease into water during
three of the nine testing periods. These findings may
be a result of the dissolving action of acid facilitating
additional cation release from the filler within Tetric
EvoCeram and Beautifil II. These cations have the
capability to form fluoride complexes with fluoride
ions introduced through recharge into the resin.28,29
Such complexes are of greater molecular size than
free fluoride ions and therefore may experience
resistance to movement as well as increased reten-
tion time within the resin matrix.
A delayed release of such complexes points to a
possible enhanced ability of resin composites sus-
taining a fluoride release, which might increase with
time and so enhance the potential inhibition of
recurrent caries.
Figure 4. Average daily fluoride ion release by each composite aged in deionized water following 5 minute fluoride recharge (5000 ppm) after 49
days aging.
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Figure 5a. Elastic modulus of each composite aged in deionized water (W) and lactic acid pH 4.0 (L.A.) over 3 months.
Figure 5b. Hardness of each composite aged in deionized water (W) and lactic acid pH 4.0 (L.A.) over 3 months.
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Results of the present study affirm that glass
ionomers have a significantly (p,0.05) greater
fluoride release and recharge capacity relative to
the analyzed fluoride-containing resin composites.
This result was expected due to the nature of the
setting reaction of glass ionomers. During this
reaction, polyacrylic acid actively dissolves the
fluoride-containing glass particles, enabling fluoride
ion release.17,30 This differs from the setting reaction
of composites in which no intentional acidic treat-
ment of the glass filler particles occurs. Additionally,
glass ionomer cements are significantly more porous
and permeable than resin composites, thus enhanc-
ing media interaction with glass particles and
therefore substantially enhancing glass ionomer
fluoride release and recharge.23
The present study indicates that by recharging
Beautifil II utilizing a daily recharge regimen of
5000 ppm for 5 minutes, a regimen feasibly em-
ployed by patients, the fluoride release by Beautifil
II approaches the ‘‘plateau release’’ of Fuji IX Extra
(Figures 4 and 6). Importantly, this long-term daily
‘‘plateau release’’ from glass ionomers is regarded as
contributing to recurrent caries inhibition.31,32 The
capacity for a fluoride rerelease from Beautifil II
comparable to the ‘‘plateau release’’ from Fuji IX
Extra gains greater relevance when considering the
extremely high quantity of fluoride released by Fuji
IX Extra compared to other glass ionomers that have
displayed caries inhibition.33 Further, since the
placement of unfilled resin over glass ionomers
reduces the level of fluoride release by a factor of
1.5 to 4 times,34-36 it follows that the post recharge
fluoride release from Beautifil II would be compara-
ble and would potentially exceed the ‘‘plateau
release’’ of glass ionomers that have demonstrated
caries inhibition.6,7
While the greater permeability and porosity of
glass ionomers contributed to the significantly
(p,0.05) higher fluoride release of Fuji IX Extra,
these characteristics also contributed to the observed
reduction in elastic moduli of Fuji IX Extra with
aging. This is in contrast to the three resin
composites which displayed no significant (p.0.05)
reduction in their elastic moduli or hardness with
time. The greater permeability of the hydrogel
enables a greater volume of storage media to contact
and break down the glass fillers within glass
ionomers, in turn affecting their mechanical proper-
ties.
Fluoride-containing resin composites and especial-
ly those containing prereacted glass ionomer fillers
could be employed to great benefit in treating
patients at high risk for caries in situations where
glass ionomers may be unsuitable; particularly in
high load-bearing or esthetically critical locations.
To provide the maximum possibility for recurrent
caries inhibition, a sustained level of fluoride release
by a restorative material is necessary. This require-
ment arises from carious tooth destruction resulting
from alternating episodes of remineralization and
demineralization over time.37 From the present
study, a regular regimen of fluoride recharge would
be recommended to achieve this from fluoridated
Figure 6. Average daily fluoride ion release by Fuji IX Extra aged in deionized water and lactic acid (pH 4.0) over 43 days.
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resin composites. Should the weekly recharge regi-
men described in the present study be adopted,
fluoride-releasing resin composites have the poten-
tial to exhibit a sustained long-term fluoride release
necessary for recurrent caries inhibition.38 An in
vivo study investigating recurrent caries incidence
when various fluoride recharge regimens are under-
taken by patients could confirm this potential.
CONCLUSIONS
Within the limitations of the current study, the three
composites tested demonstrated fluoride release
(Beautifil II . Gradia Direct X . Tetric EvoCeram)
and fluoride recharge (Beautifil II . Gradia Direct X
. Tetric EvoCeram). This capability raises the
possibility of fluoride-containing composites exhibit-
ing a lower incidence of recurrent caries than non
fluoride–containing composites. The mechanical
properties of each composite did not diminish with
aging and fluoride release over the testing period.
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Objectives: In this study, the hypothesis that the polymerization shrinkage profile of ‘‘low
shrinkage’’ non-methacrylate based composite; Silorane and ‘‘low shrinkage’’ high molecular
mass methacrylate based composite; Kalore is not different from that of three conventional
methacrylate based composites (Gradia Direct X, Filtek Supreme XT and Beautifil II) was tested.
Methods: Five commercially available composites were analysed: one ‘‘low shrinkage’’ non-
methacrylate based composite (Silorane); one ‘‘low shrinkage’’ high molecular mass meth-
acrylate based composite (Kalore) and three conventional methacrylate based composites
(Gradia Direct X, Filtek Supreme XT and Beautifil II). Polymerization shrinkage was mea-
sured using an electromagnetic balance which recorded changes in composite buoyancy
occurring due to volumetric changes during polymerization. This instrument allowed real
time volumetric shrinkage measurements to be made at 40 ms intervals.
Results: All five resin composites demonstrated a similar volumetric shrinkage profile
during polymerization. The rate of shrinkage of all five composites decreased from t = 0
at a rate approximating x ¼ ﬃﬃtp . After 170 s the rate of shrinkage of all five composites was at
or below 0.01%/s. During the initial 5 s of light exposure Silorane and Kalore exhibited a
significantly lower ( p < 0.05) rate of contraction relative to the three conventional methac-
rylate composites. After 640 s of analysis, Silorane exhibited a significantly lower ( p < 0.05)
percentage volumetric contraction compared to the other four analysed materials.
Conclusions: The newly developed ‘‘low shrinkage’’ composites (Silorane, Kalore) in the
present study demonstrated significantly lower ( p < 0.05) shrinkage rates and shrinkage
volumes compared to the three conventional methacrylate composites. Investigation to
identify whether polymerization shrinkage profile analysis is a good predictor of relative
polymerization contraction stress levels generated by different composites, is warranted.
Clinical significance: Clinicians making a resin composite selection with the view to mini-
mizing the clinical effects of polymerization shrinkage must consider the rate of polymeri-
zation as well as the total volumetric shrinkage of a composite. Silorane (non methacrylate
composite) and Kalore (high molecular mass methacrylate composite) have the ability to
exhibit lower shrinkage rates and lower shrinkage volumes compared to conventional
methacrylate composites.
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Recurrent caries and cuspal fracture continue to be causes for
resin composite restoration failure.1–4 Teeth restored using
acrylate based composites are especially prone to both these
phenomena due to stress generated within the tooth-restora-
tion system following resin contraction during polymeriza-
tion.5,6 Composite polymerization shrinkage potentially leads
to cuspal strain and enamel micro crack propagation when
resin contraction does not sever the resin–tooth adhesion
generated through bonding procedures.7–9 Should the accu-
mulated polymerization contraction stress result in tooth–
composite adhesive failure, bacterial aggregation at the
disrupted tooth-restoration margin can occur,10,11 resulting
in leakage and later recurrent caries.10–12 Defective proximal
contacts occurring as a result of composite polymerization
shrinkage may also contribute to recurrent caries occurrence;
defective contacts facilitating bacterial and food accumulation
at proximal margins.13,14
Since the development of resin composites for use in
restorative dentistry, the primary means used by manufac-
turers to reduce the effects of composite polymerization
shrinkage has been through increasing resin filler content.15
More recently, dental manufacturers have sought to overcome
the effects of polymerization contraction through utilizing
‘‘low contraction’’ monomers as the basis of the resin
component.
During addition polymerization of conventional methac-
rylate composites, the distance between monomer molecules
which are loosely bound by van der Waals forces is reduced, as
the resin monomers become tightly linked by covalent
bonding.15,16 Conventional methacrylate based composites,
for which Bis-GMA and UDMA are the base monomers,
contract between 2 and 5% due to this process.16 However,
by increasing base monomer molecular mass and therefore
reducing the density of volume lowering reactions during
polymerization, the level of composite polymerization shrink-
age potentially can be reduced from these levels. Alternatively
the level of composite polymerization shrinkage can be
decreased through changing the nature of the polymerization
process. It has been shown that molecules which undergoTable 1 – Resin composites used in this study.
Composite Lot no. Resin matrix 
Filtek Silorane N113541(A2) Siloranes 
Kalore 0910071(A2) DX-511, UDMA,
unspecified dimethacrylate
co-monomers
Filtek Supreme XT N110380(A2) Bis-GMA, Bis-EMA, TEGDMA 
Gradia Direct X 0804072(A2) UDMA, unspecified
dimethacrylate co-monomers
Beautifil II 060854(A2) Bis-GMA, TEGDMA 
S-PRG filler: surface reaction type pre-reacted glass ionomer; Bis-GMA
TEGDMA: triethylene glycol dimethacrylate; UDMA: urethane dimethacrpolymerization through opening and cleavage of a cationic
ring structure exhibit a lower volumetric change compared to
the addition reaction of double bonds that occurs with
methacrylates.19,20
Significantly, little analysis of the polymerization shrink-
age profile (the rate and total polymerization shrinkage over
time) of newly available composites designed to reduce the
effects of polymerization shrinkage has occurred. Such
analysis however is warranted since polymerization shrink-
age volume5,19 and polymerization shrinkage rate6,20 are two
important factors affecting polymerization contraction stress
within a tooth–composite system.
Consequently, the aim of the present study was to record
and compare the volumetric polymerization shrinkage profile
in real time of five resin composites, including two new ‘‘low
shrinkage’’ materials. The null hypothesis was that there was
no difference between the shrinkage profiles of any of the
materials tested.
2. Materials and methods
Five resin composites (Table 1) were analysed in the present
study. Two ‘‘low shrinkage’’ composites were assessed; non
methacrylate based Filtek Silorane (Silorane) [3M ESPE, St.
Paul, USA; Lot N113541; A2] and high molecular mass
methacrylate Kalore [GC Co., Tokyo, Japan; Lot 0903051;
A2]. The other three composites were conventional methac-
rylate based composites; UDMA based Gradia Direct X [GC
Co., Tokyo, Japan; Lot 0804072; A2], Bis-GMA based Filtek
Supreme XT [3M ESPE, St. Paul, USA; Lot N110380; A2] and
Bis-GMA based Beautifil II [Shofu Inc., Kyoto, Japan; Lot
060854; A2]; a composite capable of fluoride release and
recharge.21
The polymerization shrinkage profile of each composite
was determined using a method and instrument designed by
Lee.16 The method utilized an electromagnetic balance (Fig. 1)
and enabled real time volumetric shrinkage measurements to
be made. Five specimens of each material (50–80 mg) were
analysed. The balance was set to the null position prior to
specimen light exposure. The end of the light guide was
positioned at 5 mm to provide results equivalent to aFiller (wt.%) Manufacturer
Quartz particles, yttrium
fluoride (76 wt.%)
3M ESPE, St. Paul, MN, USA
Fluoro-alumino-silicate glass,
pre-polymerized filler,
silica (82 wt.%)
GC Co., Tokyo, Japan
Zr/silica nanoparticles,
nano-clusters (65 wt.%)
3M ESPE, St. Paul, MN, USA
Fluoro-alumino-silicate glass,
pre-polymerized filler,
silica (77 wt.%)
GC Co., Tokyo, Japan
SPRG filler particle
clusters (83 wt.%)
Shofu Inc., Kyoto, Japan
: 2,2-bis [4-(20-hydroxy-30-methacryloxy-propoxy) phenyl] propane;
ylate.
Fig. 1 – Schematic diagram of instrument used to measure
polymerization volumetric shrinkage.16
Fig. 2 – Polymerization shrinkage profile for each resin
composite; cumulative percentage polymerization
shrinkage of each resin composite over 640 s of analysis.
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similar to clinical conditions.
To establish a measurement baseline, specimens were not
exposed to the curing light for 30 s following the null position
being established. Following the 30 s baseline period, each
specimen was cured for 40 s using an LED light (Elipar
FreeLight 2, 3M ESPE, St. Paul, MN, USA) of intensity 600 mW/
cm2. The polymerization shrinkage of each specimen was
recorded at 40 ms intervals for 640 s from the commencement
of curing light exposure.
The continuous voltage signal produced by each specimen
was stored on a computer and custom software converted the
input voltage value to volumetric shrinkage data which was
then plotted as a function of time.16
Polymerization shrinkage was calculated according to the
following equation:
100  DVt
Vinitial
ð%Þ
where DVt is the volumetric shrinkage t seconds after the
beginning of the light exposure, and Vinitial is the initial volume
of the uncured sample.
The attained data was subjected to one-way analysis of
variance (ANOVA) to determine significant differences be-
tween the five composites in both total percentage volumetric
shrinkage and the rate of percentage volumetric shrinkage at
various time points over the 640 s. The level of significance
was set at p = 0.05.
3. Results
The volumetric polymerization shrinkage of each resin
composite occurred in two distinct phases when considering
the rate of volumetric shrinkage. In the present study these
phases were defined as the primary and secondary phases of
shrinkage. The primary phase was defined as the period from
the commencement of curing light exposure of each specimen
until the rate of composite volumetric change had plateaued
to below 0.01%/s. The primary phase includes the first 170 s of
analysis; the first 40 s of the primary phase being the period of
specimen exposure to the curing light. The secondary phase
includes the final 370 s of analysis, during which the rate of
percentage (%) volumetric contraction of each materialcontinued at or below 0.01%/s. As indicated in the methods,
analysis commenced after a 30 s waiting period to allow a
measurement baseline to be established. During this time
specimens were not exposed to any ambient light.
Fig. 2 depicts the polymerization shrinkage profile for each
of the five composites and therefore shows the cumulative
percentage polymerization shrinkage of each resin composite
over the 640 s of analysis. The profiles were comparable in
shape for all materials but differed, in general, with regard to
cumulative polymerization values. All composites underwent
the majority of their contraction during the time of curing light
exposure; the initial 40 s of analysis and all five composites
continued to undergo contraction for the entire 640 s of
observation.
Silorane displayed a significantly ( p < 0.05) different
percentage polymerization shrinkage compared to the other
four composites at the completion of both the primary and
secondary phases of analysis. Kalore exhibited a significantly
different ( p < 0.05) percentage volumetric shrinkage com-
pared to Beautifil II and Filtek Supreme XT at the completion of
the 640 s. Silorane was the only composite at the completion of
the 640 s of analysis that exhibited a percentage volumetric
shrinkage less than 2.0%.
Although a statistically significant ( p < 0.05) difference in
total percentage volumetric shrinkage existed between Kalore
and Gradia Direct X at the end of light curing, no statistical
difference ( p > 0.05) existed between the percentage contrac-
tion of Gradia Direct X and Kalore after 640 s. Filtek Supreme
XT and Gradia Direct X exhibited a significantly different
( p < 0.05) percentage polymerization shrinkage compared to
Beautifil II at the completion of the primary and secondary
phases of analysis.
The proportion of total contraction of each material over
the 640 s of analysis completed in the primary phase ranged
between 77% for Kalore and 92% for Gradia Direct X. The
proportion of total contraction completed by each composite
during the period of curing light exposure (0–40 s of analysis)
ranged between 57% for Kalore and 78% for Gradia Direct X.
During the first 5 s of light exposure the proportion of the total
shrinkage completed by each composite ranged between 31%
(Kalore) and 48% (Gradia Direct X).
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Fig. 3 – The percentage volumetric shrinkage of each
composite during four time intervals over the 640 s of
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Fig. 5 – The relationship between the rate of polymerization
shrinkage and the percentage shrinkage of each
composite during the primary phase.
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tion shrinkage occurring during various time intervals over
the 640 s of analysis. Kalore and Silorane displayed a
significantly lower ( p < 0.05) percentage contraction at the
end of the initial 40 s of analysis (the time of light curing)
compared to the three conventional methacrylate composites.
Silorane exhibited a significantly ( p < 0.05) lower total
percentage volumetric shrinkage in the first two analysed
time periods (0–5 s and 5–40 s) relative to the other four
composites. All five composites had undergone a volumetric
contraction less than or equal to 2.0% at the completion of the
primary phase. The percentage volumetric contraction of each
material continued to increase with time over the 170 s of the
primary phase; however, the rate of percentage volumetric
shrinkage decreased considerably over this period.
Fig. 4 shows the rate of polymerization shrinkage of each
composite over the primary phase of analysis. The rate of
shrinkage by each composite during the first 5 s of light
exposure was significantly ( p < 0.05) greater than the rate of
shrinkage occurring at all subsequent time periods. During the
initial 5 s of exposure Silorane exhibited a significantly lower0.25
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Fig. 4 – The rate of the polymerization shrinkage of each
composite over the primary phase of analysis.( p < 0.05) rate of contraction relative to the other four
composites. Additionally, during the initial 5 s, Kalore exhib-
ited a significantly lower ( p < 0.05) rate of percentage
volumetric shrinkage compared to Beautifil II, Filtek Supreme
XT and Gradia Direct X. No significant ( p > 0.05) difference in
the rate of contraction over the first 5 s was observed between
the conventional methacrylate composites. No significant
difference ( p > 0.05) existed in the rate of contraction between
the five composites at any time after the first 5 s. All five
composites demonstrated a progressive reduction in the rate
of contraction with time at approximately x ¼ ﬃﬃtp . After 170 s of
analysis the rate of polymerization contraction of all five
composites was at or below 0.01%/s.
Fig. 5 shows the relationship between the rate of
polymerization shrinkage and the total polymerization
shrinkage of each composite at various time points over the
640 s of analysis. After 5 s, Kalore and Silorane exhibited both a
significantly lower ( p < 0.05) rate and a significantly lower
( p < 0.05) total contraction relative to the three conventional
methacrylate composites. After 40 s (end of curing) and 170 s,
Kalore and Silorane both exhibited a total percentage
contraction that was significantly lower ( p < 0.05) compared
to each conventional methacrylate composite. No significant
difference ( p > 0.05) existed between the five composites
when comparing the rate of shrinkage at 40 s and 170 s.
The results from the present study indicate that the null
hypothesis was rejected.
4. Discussion
The present study compared the polymerization shrinkage
profile of two newly developed ‘‘low shrinkage’’ composites
and three conventional methacrylate based composites to
assess the impact that changes in composite monomer
chemistry have on polymerization shrinkage rate and volume.
The measured significant ( p < 0.05) differences in the poly-
merization contraction rate and volume between ‘‘low
shrinkage’’ composites Silorane and Kalore and the conven-
tional methacrylate composites, can be attributed to the
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Silorane.
The molecular foundations of Silorane are Siloxane and
Oxirane molecules. Oxirane molecules undergo polymeriza-
tion through opening and cleavage of a cationic ring
structure.17 The cationic cure commences as an acidic cation
opens the Oxirane ring and generates a new acidic centre, a
carbocation. Following the addition to an Oxirane monomer,
the epoxy ring is opened and the beginnings of a monomer
chain are formed.17 This process of polymerization results in
lower volumetric change compared to the addition reaction of
double bonds that occurs with methacrylates.17,18
The basis for the lower level of contraction demonstrated
by Kalore in the present study is the high molecular mass of
the base monomer within Kalore; DX-511.22 The molecular
mass of DX-511 is approximately twice that of Bis-GMA and
UDMA enabling DX-511 to exhibit a far lower comparative
density of reactive sites per unit mass of material. As a result,
when comparing specimens of equal mass, Kalore undergoes
a lower number of volume reducing reactions during
polymerization relative to conventional methacrylate based
composites.
The greatest variability in the rate of polymerization
shrinkage between the analysed resin composites was during
the first 5 s of light exposure. The rate of volumetric shrinkage
during the first 5 s of light exposure of both Silorane and Kalore
was significantly ( p < 0.05) less than the three conventional
methacrylate based composites. This is notable for two
reasons. Firstly, it was during the first 5 s of light exposure
that all five composites underwent their greatest rate of
volumetric shrinkage. Secondly this initial 5 s of light exposure
correlates with the period during which composite–tooth
systems develop contraction stress at the greatest rate. It has
been shown that the peak rate of contraction stress develop-
ment during polymerization occurs in the first 4–8 s of light
exposure; after which the rate of stress development rapidly
declines.23,24 This may be a result of both the rapid rate of
polymerization during this time and the development of
composite elastic moduli sufficient to induce stress almost
immediately following curing light exposure.12,25 Though
conjecture in the literature exists on this point, it has been
suggested that polymerization contraction stress develops at
much lower degrees of conversion than previously thought
and begins very close to the initiation of curing, despite the
capacity for molecular rearrangement during contraction.26
The observed coincidence in the present study in the
timing of the peak rate of volumetric change with the peak rate
of stress development holds increased importance when the
dynamic nature of polymerization shrinkage stress develop-
ment is considered. The rate of polymerization,5,6,16 total
shrinkage volume5,6,27 and composite elastic modulus5,6,28,29
all contribute to the level of developed polymerization
contraction stress and all change with time from the
commencement of polymerization.5,6 Consequently the im-
pact that polymerization contraction stress has on a tooth–
composite system cannot be predicted simply by calculating
final cumulative stress measurements alone; the rate of stress
development also needs to be considered.5,30,31 This is
supported by studies which have shown that for composites
exhibiting the same total shrinkage after a given time butwhich exhibit different rates of shrinkage and polymerization,
different levels of contraction stress can be generated, in
proportion to a composite’s polymerization rate.16,32 The
importance of considering both the rate of stress development
as well total stress generated to predict the impact of
contraction stress is compounded by a composite having an
upper limit to the level of stress which can be accommodated
without deleterious effects on adhesion of tooth structure.5,6
When the rates of volumetric shrinkage and stress develop-
ment are at their peak23,24,31 the stress magnitudes developed
at given moments during this peak period may exceed the
accommodating ability of the involved composite–tooth
system.5
The relationship between polymerization shrinkage rate,
volume and contraction stress generation suggests that
polymerization shrinkage profile analysis may have a role in
estimation of contraction stress in vitro. The use of polymeri-
zation shrinkage profiles to predict relative contraction stress
levels of composites holds potential benefits in light of the
simplicity in generating polymerization shrinkage profiles and
the limitations of currently available contraction stress
measuring systems. At present, variation continues to exist
when comparing contraction stress values generated for the
same material in different laboratories.33,34 As a result, it has
been suggested that the usefulness of current contraction
stress testing lies in only providing a relative comparison
between materials rather than absolute statements of stress
values.5 A study to compare the order of estimated contraction
stress levels generated by different composites using poly-
merization profile analysis, with the order derived from
conventional stress testing, is therefore warranted. Should
polymerization profile analysis provide the same order of
composites as conventional stress measuring tests, it may be
prudent to utilize volumetric shrinkage profiles to evaluate
polymerization contraction stress until absolute contraction
stress can be measured more consistently.
Therefore although needing verification, the observed
significantly lower ( p < 0.05) rate and volume of contraction
of Silorane and Kalore during initial curing (0–5 s) compared
to the conventional methacrylate composites may be
indicative of a comparatively lower level of contraction
stress during this period. Likewise, the significantly lower
( p < 0.05) total percentage shrinkage exhibited by Silorane
and Kalore at each analysed point after the first 5 s may be
predictive of relatively lower stress levels generated by
Silorane and Kalore at these times. Papadogiannis’35 obser-
vation that Silorane produced a lower shrinkage strain and
better marginal adaption than methacrylate composites
supports this possibility.3,5
Finally, it is notable that the measured shrinkage values at
the completion of the primary phase of the present study were
comparable to previously reported values of percentage
contraction for the assessed materials.18,20,36 However as a
necessary consequence, the measured polymerization shrink-
age for each material at the completion of the secondary phase
was considerably higher than that commonly reported in
other studies and by manufacturers. Such indicates that final
shrinkage measurements are heavily influenced by the time
over which contraction is recorded. As a result it is imperative
that clinicians considering polymerization shrinkage data,
j o u r n a l o f d e n t i s t r y 4 0 ( 2 0 1 2 ) 6 4 – 7 0 69especially when it is received from manufacturers, are aware
of the time over which polymerization shrinkage measure-
ments have occurred.
5. Conclusions
Within the limitations of the present study, it was demon-
strated that resin composite monomer chemistry can signifi-
cantly ( p < 0.05) affect both total polymerization shrinkage
and the rate of polymerization shrinkage of composite resins.
The newly developed ‘‘low shrinkage’’ composites assessed in
the present study (Silorane and Kalore) demonstrated signifi-
cantly lower ( p < 0.05) rates and significantly lower ( p < 0.05)
totals of polymerization shrinkage compared to the three
conventional methacrylate based composites. Should poly-
merization profile analysis rank composites in the same order
as conventional stress measurement tests, value exists in
using volumetric shrinkage profiles for relative polymeriza-
tion stress estimation, until absolute contraction stress can be
measured more consistently.
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ABSTRACT
Background: For a restorative material or adhesive to exhibit caries inhibitive potential through fluoride release, it must be
capable of fluoride recharge. The aim of this study was to evaluate the effect of repeated fluoride recharge and different
storage media on dentine bond strength durability.
Methods: Two self-etch adhesive systems (two-step) were evaluated: fluoride-rechargeable Giomer FL-Bond II and non-
fluoride-containing UniFil Bond. For each adhesive 32 human dentine specimens were prepared for shear bond strength
testing. The specimens were randomly allocated to one of four storage groups: Group 1 – 24-hour water ageing; Group 2 –
four-month water ageing; Group 3 – four-month water ageing with weekly fluoride recharge (5000 ppm for 10 minutes);
and Group 4 – four-month acid ageing with weekly fluoride recharge.
Results: Weekly fluoride recharge over four months ageing did not significantly (p > 0.05) reduce the dentine shear bond
strength of FL-Bond II or UniFil Bond. Storage media did not significantly (p > 0.05) affect bond durability.
Conclusions: The adhesion between fluoride rechargeable FL-Bond II and dentine maintained durability despite regular
fluoride recharge over the four months ageing. Clinicians prescribing the fluoride recharge regime used in the present study
to reduce recurrent caries incidence associated with Giomer FL-Bond II restorations can do so without compromising
dentine bond strengths.
Keywords: Giomers, FL-Bond II, Beautifil II, fluoride recharge, bond strength.
Abbreviation: PRG = pre-reacted glass ionomer
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INTRODUCTION
Recurrent caries is a primary cause for replacement of
resin composite restorations.1 This is detrimental to the
long-term oral health of an individual since composite
restoration replacement can result in an increase in
cavity volume by up to 37%.2 Significantly however,
glass ionomers have a demonstrated ability to inhibit
the initiation and progression of recurrent caries.3,4
This ability has been attributed to the fluoride release
and fluoride recharge of glass ionomers3,4 and has
stimulated development of resin composites and resin-
dentine adhesive systems also capable of fluoride
release5 and fluoride recharge.6
For a fluoride releasing composite-adhesive system to
facilitate recurrent caries inhibition, it is essential that
the placed composite and adhesive are able to maintain
seal and demonstrate fluoride recharge and subsequent
fluoride re-release.7,8 Carious tooth destruction results
from episodes of demineralization of tooth structure
exceeding remineralization over time.9 Consequently,
to optimize the possibility for recurrent caries inhibi-
tion, a sustained level of fluoride release over time from
a restorative material-adhesive system is necessary.
Since the intrinsic fluoride release from fluoridated
restorative materials and adhesives declines with
time,6,10 the capacity for a restoration to exhibit a
sustained fluoride release will be determined by a
material’s ability to demonstrate fluoride recharge.
Significantly, no study has considered the effect that
repeated fluoride recharge and storage media has on
resin-dentine bond durability of fluoride rechargeable
composites and adhesives.
The aim of this study was to assess the effect of
repeated fluoride recharge, ageing and storage media on
bond strength durability of a fluoride-rechargeable
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Australian Dental Journal
The official journal of the Australian Dental Association
Giomer adhesive. The present study examined whether
repeated fluoride recharge, if prescribed to patients in
an attempt to lower recurrent caries incidence associ-
ated with composite restorations, would be clinically
detrimental.
MATERIALS AND METHODS
Two self-etching dentine-composite two-step adhesive
systems were evaluated in the present study: fluoride
rechargeable Giomer FL-Bond II (Shofu Inc, Kyoto,
Japan; Lot 0708) and non-fluoride-rechargeable UniFil
Bond (GC Co., Tokyo, Japan; Lot 0905271). The
fluoride rechargeable composite most compatible with
each adhesive system was bonded to the adhesive to
form a composite extension. Beautifil II (Shofu Inc.,
Kyoto, Japan; Lot 060854; A2) was used with FL-Bond
II and Gradia Direct X (GC Co., Tokyo, Japan; Lot
0805142; A3) was used with UniFil Bond.10
Non-carious third molar teeth were collected from
the Westmead Centre for Oral Health after obtaining
ethics approval. The teeth were then embedded in
epoxy resin and subsequently transversely sectioned
2 mm coronal to the cemento-enamel junction. Sixty-
four resultant mid coronal dentine surfaces were then
polished using 240, 400 and 600 grit silicon carbide
paper before storage in deionized water at 37 C.
For each adhesive, four groups of 8 specimens were
fabricated. To ensure a consistent bonded surface area
for each specimen, a piece of high gloss tape exhibiting
a circular hole of 6.0 mm diameter was placed onto
each of the dentine surfaces prior to adhesive applica-
tion. The bonding procedure was then completed
according to the manufacturer’s instructions (Table 1)
and cured (intensity 675 mW ⁄ cm2). A clear plastic
cylinder of 6.0 mm diameter was then placed over the
exposed bonded dentine. Composite was placed and
cured in 2 mm increments to fabricate a composite
extension. The high gloss tape and plastic cylinder were
then removed from the specimens before acid resistant
varnish was applied to each specimen, creating an
annulus of exposed dentine of 1 mm to surround the
bonded interface (Fig. 1).
Each of the four specimen groups of each adhesive
were aged at 37 C according to the following differing
conditions:
Group
number
Storage conditions
1 Deionized water (pH 6.5) aged 24 hours
2 Deionized water aged four months
3 Deionized water aged four months plus weekly
fluoride recharge
4 Lactic acid (pH 4.0) aged four months plus weekly
fluoride recharge
The storage media for each group was replaced every
four weeks. Those specimens receiving fluoride re-
charge were removed from their solutions and pat-dried
prior to a ring of fluoride gel (5000 ppm; Colgate
Neutrafluor 5000) being applied to the exposed dentine
around the circumference of the resin-dentine inter-
face. The gel was left in place on each specimen for
10 minutes before being rinsed off using deionized
Table 1. Materials tested for bond strength durability
Product and manufacturer Key contents Steps of application
FL-Bond II
Shofu Inc., Kyoto, Japan
S-PRG filler containing bonding agent Dispense FL-Bond II Primer, apply thoroughly on the
enamel and dentine surface, leave for 10 s. Dry with
oil-free air for 5 s. Dispense FL-Bond II Bonding Agent.
Apply an even layer on the entire restorative surface.
Light-cure for 10 s with Halogen light or 5 s with LED
Beautifil II
Lot 060854
Shofu Inc., Kyoto, Japan
S-PRG glass filler, fluoride containing
fluoroboroalumino silicate glass filler
particles, TEGDMA, Bis-GMA (17% wt)
UniFil Bond
GC
Unfilled HEMA resin-dentine bonding agent Primer application, leave undisturbed for 20 s. Gently air
dry 5 s. Primed surface to appear glossy. Bonding agent
applied. Blow gently with an air syringe to form a thin
film. Light cure for 10 s.
Gradia Direct X
Lot 0805142
GC Co., Tokyo, Japan
Fluoro-alumino-silicate glass, pre-polymerized
filler, silica, UDMA, unspecified dimethacrylate
co-monomers (23%wt).
S-PRG filler – surface reaction type pre-reacted glass ionomer; Bis-GMA; 2, 2-bis [4-(2¢-hydroxy-3¢-methacryloxy-propoxy) phenyl] propane;
TEGDMA triethylene glycol dimethacrylate, UDMA urethane dimethacrylate.
Dentine
(1 mm width)
Dentine
Acid-resistant varnish
Composite
cylinder
Fig. 1 Diagrammatic representation of tested specimens.
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water. Following recharge, specimens were returned to
their storage media. This recharge regime was under-
taken on a weekly basis for the four months of the
study.
For Group 1, shear bond strength testing was
conducted at 24 hours. Groups 2–4 were tested at four
months after preparation. A universal testing machine
(Shimadzu Autograph [AG-50 KNE]) was used to apply
a load at a cross-head speed of 0.5 mm ⁄minute until
failure. Following failure each specimen was examined
under a stereo light microscope to determine the failure
mode. ‘Adhesive’ failure was recorded when clean
dentine only or clean dentine with minimal adhesive
remnants remained visible on the dentine surface.
‘Cohesive failure – resin’ was recorded when a portion
of the composite resin cylinder remained attached to
the dentine surface. ‘Cohesive failure – dentine’ was
recorded when dentine had pulled-out from the frac-
tured surface.
Each group of specimens was analysed using the
Kolmogorov–Smirnov test to confirm that the distribu-
tion of results conformed to a normal distribution. As
all groups conformed to a normal distribution it was
then deemed appropriate to apply analysis of means
and variances to determine differences between groups.
Two-way ANOVA (three variables) followed by one-
way analysis of variance (p = 0.05) was used to
determine the effect of fluoride recharge, storage media
and ageing on the durability of shear bond strength.
RESULTS
Figure 2 depicts the effect of weekly fluoride recharge
over a four-month period upon FL-Bond II shear bond
strength. No significant (p > 0.05) reduction in
FL-Bond II shear bond strength was observed as a
result of specimens undergoing weekly fluoride
recharge during four months ageing in either deionized
water or lactic acid. The measured difference between
24-hour bond strengths and the fluoride recharge
specimens aged in water was not statistically significant
(p > 0.05)
Figure 3 depicts the effect of weekly fluoride recharge
over a four-month period upon UniFil Bond shear bond
strength. No significant (p > 0.05) reduction in shear
bond strength was observed for UniFil Bond specimens
undergoing weekly fluoride recharge over four months
ageing in deionized water or lactic acid.
Figure 4 compares the shear bond strength of
FL-Bond II and UniFil Bond specimen groups that each
received weekly fluoride recharge but were stored in
different media in either deionized water or lactic acid
over four months. No significant (p > 0.05) difference
in shear bond strength was observed between those
specimens of each adhesive stored in water and those
stored in lactic acid.
Figure 5 shows the percentage distribution of failure
modes for each specimen group. After 24 hours ageing,
the primary failure mode after testing for both bonding
systems was adhesive failure. All specimen groups after
ageing four months, in either acid or water, with or
without fluoride recharge, exhibited adhesive failure as
their primary failure mode.
DISCUSSION
The failure of resin composite restorations due to
recurrent caries1 has led to the development of com-
posites and resin-dentine adhesive systems capable of
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Fig. 2 The effect of weekly ﬂuoride recharge (F)) on FL-Bond II (FL)
shear bond strength over four months ageing in water (W) and lactic
acid (LA).
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fluoride release and fluoride recharge.6,10 The present
study revealed that FL-Bond II, a resin-dentine adhesive
system capable of fluoride release and recharge6,10
exhibited no significant (p > 0.05) reduction in dentine
shear bond strength despite weekly fluoride recharge
(5000 ppm, 10 minutes) over a four-month period of
ageing in vitro.
The efficacy of a self-etching resin-dentine adhesive
system relies on the development of a hybrid layer at
the resin-dentine interface.11 Challenges resulting in
degradation of either the resin component12 or the
unprotected collagen fibrils13 that form the hybrid layer
can severely affect the integrity of the hybrid layer and
therefore affect bond durability. Such degradation has
been reported to occur rapidly.14 In fact, De Munck
et al.15 concluded that all classes of adhesives exhibit
evidence of mechanical and morphological degradation
within three months of adhesive placement. The
stability of the bond strength values in the present
study over the four months ageing, despite the insult of
regular fluoride application and acidic storage, there-
fore holds significance.
The observed bond durability with ageing of fluoride-
releasing FL-Bond II was consistent with previous
studies. As in the present study, Nakajima et al.16 and
Donmez et al.17 both observed bond strength stability
of fluoride releasing adhesives with ageing. Donmez
et al.17 and Nakajima et al.16 attributed this stability to
the released fluoride from the adhesive acting to reduce
dentine degradation and improve hybrid layer long-
evity. However, in contrast to the findings in the
present study, both authors found a decrease in the
bond strength of a fluoride free adhesive over time.16,17
It is proposed that the components within the
adhesives forming the resin-dentine bond provided the
mechanism for the observed bond durability of
FL-Bond II and UniFil Bond in the present study.
FL-Bond II contains pre-reacted glass ionomer (PRG)
particles which exhibit a stable glass ionomer hydrogel
that surrounds an inner fluoridated glass core.18 The
glass ionomer phase of the PRG filler surface has the
ability to form an ion exchange bond with the inorganic
component of dentine.19 Such a chemical interaction
results in bonds more able to resist hydrolytic break-
down.15 Notably, the mechanism of adhesion of UniFil
Bond also utilizes a chemical adhesion similar to that of
glass ionomer cements, occurring via ionic bonding to
tooth structure.20 The carboxylic ions (contained in the
self-etching primer) chemically adhere to the calcium
available in dentine. The process of chemical adherence
of the Unifil Bond resin tags occurs as the resin tags
chemically adhere to the self-etching primer during
light curing.21
In addition to storing specimens in deionized water,
lactic acid (pH 4.0) was also used as a storage medium
to expose the bonding interface to a pH below that
needed to initiate caries. This was examined as
demineralization of the dentine immediately below the
hybrid layer through acid exposure can result in hybrid
layer degradation with time.16 However, the results of
the present study suggest that the direct action of
fluoride applied during recharge along with any fluoride
release and re-release from the adhesive could inhibit
this degradation. Fluoride application, fluoride release
and re-release from an adhesive has the capacity
to increase the local concentration of fluoroapatite
in dentine adjacent to the hybrid layer.22 Dentine
containing fluoroapatite is less soluble than dentine
containing hydroxyapatite alone. Dentine of lower
solubility is less susceptible to dissolution and hydro-
lytic enzyme production and therefore is more able to
facilitate bond durability.16 Further, the bond stability
exhibited by UniFil Bond specimens aged in lactic acid
and recharged weekly in the present study suggests that
regular fluoride recharge may also potentiate bond
durability of non-fluoride releasing adhesives. The
ability of applied fluoride to inhibit the action of
denaturing enzymes23 within the hybrid layer as well as
promote remineralization of the hybrid layer at the
exposed resin-dentine interface, are possible mecha-
nisms for this finding.
The 10-minute fluoride recharge regime utilized in
the present study was chosen as it is within the range of
patient compliance (a weekly application of a widely
available product) and because a regime of lower
duration has been shown to enable the composite
materials in the present study to exhibit fluoride
re-release.10 A recent study by Naoum et al.10 demon-
strated that following a five-minute fluoride recharge
episode using 5000 ppm NaF, Beautifil II and Gradia
Direct X exhibited fluoride re-release into both lactic
acid and deionized water. The same authors also
observed that the average daily post recharge re-release
by Beautifil II in the first 24 hours after recharge was
comparable to the daily fluoride release exhibited by
Fuji IX Extra after 21 days of ageing and beyond.
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Notably, it is this long-term daily ‘plateau fluoride
release’ from glass ionomers (occurring after 21 days
ageing) which provides glass ionomers the capability to
demonstrate recurrent caries inhibition.24–26 Conse-
quently, employment of the fluoride recharge regime
used by patients in the present study, or a regime of
greater frequency, has the potential to enable Beautifil
II–FL-Bond II restorations to exhibit a caries inhibitive
ability approaching that of glass ionomers. The report
by Gordan et al.27 indicating that of 61 Beautifil II–
FL-Bond restorations monitored over eight years, there
was nil failure due to recurrent caries, and the
observations of Iida et al.28 that an acid resistant layer
within dentine beneath FL-Bond II restorations can
form due to its fluoride release, provides support for
this potential being actualized.
The bond strength stability of the assessed adhesives
despite fluoride recharge is also notable since the
process of fluoride recharge results in a substantial
fluoride ion concentration gradient being generated
between the outer margin of the resin-dentine interface
and the centre of the bonded interface at the level of the
hybrid layer. This generated fluoride ion concentration
gradient can facilitate fluid movement within the hybrid
layer. Should hybrid layer porosities exist, fluid move-
ment will precipitate hydrolysis of the adhesive resin
within the hybrid layer and cause bond degradation.29
Therefore, the bond durability of FL-Bond II over the
four-month period of this study indicates that the
utilized fluoride recharge protocol (5000 ppm for
10 minutes, weekly) does not significantly initiate such
degradation.
However, there is likely to be a concentration and ⁄or
frequency of fluoride recharge that will eventually result
in bond strength reduction. Some porosity within the
hybrid layer is inevitable.30,31 Consequently, a threshold
of hybrid layer nanoleakage leading to bond degrada-
tion, that is induced by fluoride generated osmotic
pressure, will ultimately be reached. Thus, a trade-off
between the ability of a fluoride-releasing resin to
produce remineralization of hybrid layer dentine via
fluoride re-release and the maintenance of bond dura-
bility should be anticipated. Further study is required to
identify the concentration and regularity of fluoride
recharge that could precipitate the level of hybrid layer
nanoleakage detrimental to bond durability.
The limited impact of the fluoride recharge regime
on adhesive strength may also be a consequence of the
specimen bonding interface dimensions. De Munck
et al.15 reported that most bond degradation processes
are diffusion rate-dependent, and therefore are influ-
enced by the perimeter vs. bonded surface area ratio.
In the present study the size of the interface used was
deliberately large compared to microtensile testing
specimens used in other studies. This was to reproduce
the clinical situation of a Class V cervical lesion; a
recommended application of FL-Bond II–Beautifil II
restorations. The observed high rate of adhesive
failure of specimens in the present study means the
results are comparable in reliability to that which
could have been obtained if microtensile testing had
been used.
CONCLUSIONS
The present study assessed the effect of repeated
fluoride recharge and storage media on the bond
strength durability of two resin-dentine adhesive sys-
tems, including a system capable of fluoride recharge
(FL Bond II). Within the limits of this in vitro study, no
significant (p > 0.05) reduction in shear bond strength
was observed for FL-Bond II and UniFil Bond speci-
mens exposed to a weekly fluoride recharge regime
(5000 ppm for 10 minutes) over four months ageing in
lactic acid or distilled water. Therefore, clinicians who
prescribe this recharge regime, with the intent of
potentially reducing recurrent caries incidence associ-
ated with FL-Bond II–Beautifil II restorations, can do so
without compromising dentine bond strengths.
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IADR/PAPF: Wuhan, China 2009 
‘The ability of three resin composites to release fluoride’ 
Presenter: Steven Naoum 
Objectives: The purpose of this study was to evaluate the fluoride release from three resin 
composites, including one of the Giomer classification, when aged in both deionised water 
and lactic acid.  
Methods: Three fluoride containing resin composites were analysed in this study; Giomer 
material Beautifil II (containing pre-reacted glass ionomer), Gradia Direct X (containing 
fluoro-alumino-silicate glass) and Tetric EvoCeram (containing ytterbium trifluoride). Ten 
specimens of each material were aged for 43 days; five were aged in deionised water and 
five aged in lactic acid. A fluoride specific electrode was used to measure the fluoride release 
from each specimen on days 1, 2, 4,8,15,22,29,36 and 43 post cure. One-way ANOVA 
followed by post hoc Tukey test comparisons were employed to assess the significance of 
the effect of composite type, storage medium and storage time on the amount of fluoride 
released by each material.  
Results: The cumulative fluoride release by Beautifil II into both deionised water and lactic 
acid (pH 4) was significantly (p<0.05) greater than the fluoride released by Gradia Direct X 
and Tetric EvoCeram into each media respectively, after 43 days aging. Similarly, at each 
point in time, the cumulative level of fluoride released by Gradia Direct X significantly 
(p<0.05) exceeded the release by Tetric EvoCeram into both deionised water and lactic acid.  
Further, the cumulative amount of fluoride released by all three resin composites into lactic 
acid (pH 4) was greater than each material’s respective release into deionised water, after 
43 days. 
Conclusion: The storage media, storage time and composition are factors that influence the 
release of fluoride from a resin composite. The sustained ability of the resin composites in 
the present study to release fluoride, including one of the Giomer class, raises the possibility 
of fluoride releasing composites inhibiting recurrent caries.  
Acknowledgments: All of the investigated materials were supplied free of charge from the 
manufacturers. 
  
Shofu International Symposium: Barcelona, Spain 2010 
 ‘Long term fluoride release and fluoride recharge of fluoride containing resin composites’ 
Presenter: Steven Naoum 
Objectives: The purpose of this study was to evaluate the fluoride recharge and long-term 
fluoride release of three fluoride containing resin composites, when aged in both deionised 
water and lactic acid.  
Methods: Three fluoride containing composites were analysed in the present study; Giomer 
Beautifil II, Gradia Direct X and Tetric EvoCeram. Two groups of specimens of each material 
were prepared for analysis.  
Group 1 included ten specimens of each material that were aged for 43 days. The fluoride 
release from these specimens was measured 9 times over this period. Following the 43 days 
of aging, each specimen was immersed in 5000ppm neutral sodium fluoride for 5 minutes. 
Specimen recharge was repeated weekly for 3 weeks and the fluoride release measured at 
weekly intervals.  
Group 2 included five specimens of each material that were aged for 18 months. The 
fluoride release from each Group 2 specimen was measured bimonthly. After 18 months 
aging each specimen was immersed in 5000ppm neutral sodium fluoride for 10 minutes. The 
fluoride release from each specimen over the subsequent 2 months was then recorded. An 
ion specific electrode was used for all measurements. 
Results: The cumulative fluoride release by Beautifil II was significantly (p<0.05, ANOVA) 
greater than the fluoride released by Gradia Direct X and Tetric EvoCeram into each media 
respectively, after 43 days and 18 months aging. Similarly, the cumulative level of fluoride 
released by Gradia Direct X significantly (p<0.05, ANOVA) exceeded the release by Tetric 
EvoCeram. Importantly both Beautifil II and Gradia Direct X continued to release fluoride 
throughout the 18 month analysis period. The present study revealed that all three resin 
composites were capable of fluoride recharge. During the majority of analysis intervals 
Beautifil II released a significantly (p<0.05, ANOVA) greater quantity of fluoride, after 
fluoride recharge, compared to Gradia Direct X and Tetric EvoCeram.   
Conclusions: The ability of the fluoride containing resin composites in the present study to 
be recharged and maintain long term fluoride release, raises the possibility of teeth restored 
with fluoride containing resin composites to exhibit a lower incidence of  recurrent caries.  
Key Words: Giomer(s), pre-reacted glass ionomer 
  
University of Sydney Faculty of Dentistry Research Day: Sydney, Australia 2011                    
‘Long term fluoride release, fluoride recharge and mechanical property stability of fluoride 
containing resin composites’ 
 
Presenter: Steven Naoum 
Objectives: The purpose of this study was to evaluate the fluoride release and fluoride 
recharge capability of three fluoride containing composite resins, including Beautifil II of the 
Giomer classification. The study also sought to clarify whether composite fluoride release 
affects composite mechanical properties.  
Methods: Three fluoride containing composites were analysed in the present study; Giomer 
Beautifil II (Shofu), Gradia Direct X (GC) and Tetric EvoCeram (Ivoclar). Three specimen 
groups of each material were prepared for analysis. 
 Group 1 included 10 specimens of each material that were aged for 43 days. The fluoride 
release from these specimens was measured 9 times over this period. Following the 43 days 
of aging, each specimen was immersed in 5000ppm neutral sodium fluoride for 5 minutes. 
Specimen recharge was repeated weekly for 3 weeks and the fluoride release measured at 
weekly intervals.  
Group 2 included 5 specimens of each material that were aged for 18 months. The fluoride 
release from each Group 2 specimen was measured bimonthly. After 18 months aging each 
specimen was immersed in 5000ppm neutral sodium fluoride for 10 minutes. The fluoride 
release from each specimen over the subsequent 2 months was then recorded. An ion 
specific electrode was used for all Group 1 and Group 2 measurements. 
Group 3 included six specimens of each material that were aged for 12 months; three 
specimens were aged in lactic acid, three were aged in water. The hardness and elastic 
modulus of each specimen was assessed at 24 hours and at 1, 3, 6 and 12 months. 
Results: The cumulative fluoride release by Beautifil II was significantly (p<0.05, ANOVA) 
greater than the fluoride released by Gradia Direct X and Tetric EvoCeram into each media 
respectively, after 43 days and 18 months aging. Similarly, the cumulative level of fluoride 
released by Gradia Direct X significantly (p<0.05, ANOVA) exceeded the release by Tetric 
EvoCeram. Both Beautifil II and Gradia Direct X continued to release fluoride throughout the 
18 month analysis period and all 3 composites demonstrated fluoride recharge capability 
despite 18 months aging (Beautifil II>Gradia Direct X>Tetric EvoCeram). The elastic modulus 
and hardness of the three composites did not decrease significantly (p<0.05) with fluoride 
release or fluid uptake over the 12 month aging period, in either media. 
Conclusions: The ability of fluoride containing composite resins and especially materials of 
the Giomer classification to be recharged and maintain long term fluoride release, raises the 
possibility of teeth restored with fluoride containing composite resins to exhibit a lower 
incidence of recurrent caries compared to teeth restored using conventional composites. 
The mechanical properties of each composite did not diminish with aging and fluoride 
release over the testing period.  
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      To determine the long-term fluoride release and fluoride 
recharge capability of three fluoride containing resin 
composites, including one of the Giomer classification.  
 
Recurrent caries is a primary reason for the failure of 
resin composite restorations1,2. In contrast, fluoride 
releasing Glass Ionomer Cements have a demonstrated 
potential to inhibit the initiation and progression of 
recurrent caries3    
 
The capacity for fluoride complexes to promote dental 
tissue remineralisation4 and raise enamel resistance to 
demineralisation5 are thought to be the mechanisms for 
this inhibition.  
 
However, unlike  present day resin composites, the 
physical  properties of  glass ionomer cements make 
them unsuitable for load bearing restorations.  
 
These apparent limitations of current day resin 
composites and glass ionomer cements has resulted in 
considerable endeavour to develop a material capable 
of fluoride release and recharge while displaying the 
physical properties of a resin composite. Such a 
material would have wide application in restorative 
dentistry and potentially demonstrate a  reduced rate of 
failure due to recurrent caries. 
  I thank Ivoclar, GC and Shofu for the provision of materials 
to carry out this study. I thank the School of Chemistry at 
The University of Sydney for supply of equipment 
necessary to conduct the study.  
The ability of the fluoride containing resin composites to 
(1) be recharged and (2) maintain long term fluoride 
release, raises the possibility of teeth restored with 
fluoride containing resin composites to exhibit a lower 
incidence of  recurrent caries.  
Fluoride Release  
The cumulative fluoride release by Beautifil II was 
significantly (p<0.05, ANOVA) greater than the fluoride 
released by Gradia Direct X and Tetric EvoCeram  after 
43 days  (de-ionised water and lactic acid pH 4) and 18 
months (de-ionised water). Similarly, over the same time 
periods, the cumulative level of fluoride released by 
Gradia Direct X significantly (p<0.05, ANOVA) exceeded 
the release by Tetric EvoCeram. 
 
The capacity of the Glass Ionomer phase within S-PRG 
particles to release fluoride into the resin matrix 
presents the most probable reason for the greater 
fluoride release by Beautifil II.  The comparatively lower 
volume of methacrylate monomers within Beautifil II 
(17%) relative to Gradia Direct X (23%) and Tetric 
EvoCeram (17%) makes this especially likely. It is the 
ability of the methacrylate monomers to interact with 
water that facilitates water absorption into a resin matrix 
in turn facilitating fluoride diffusion from a resin 
composite6,7.   
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Fluoride recharge 
The ability of the Glass Ionomer phase within S-PRG 
particles to absorb fluoride is also the most likely reason 
for the greater fluoride recharge demonstrated by 
Beautifil II. Post recharge, Beautifil II demonstrated the 
greatest cumulative fluoride release after 43 days 
(Group 1) and 18 months (Group 2) aging.  
 
 Clinical Application 
The ability of all 3 resin composites to exhibit fluoride 
recharge and the ability of Gradia Direct X and Beautifil 
II to maintain long-term fluoride release raises the 
possibility for a reduced rate of recurrent caries at 
restoration margins of these materials. A sustained 
fluoride release from a restoration into its adjacent 
environment may enable a shift in the demineralisation-
remineralisation balance of the carious process so that 
progression of recurrent caries is reduced4.  
 
 Future Study  
At present a long-term investigation of the stability of the 
mechanical properties of the materials in the present 
study as they release fluoride and are recharged by 
fluoride is being undertaken  
 
# 1473 
Materials assessed in this study 
Material Fluoride source  Manufacturer 
Tetric  
EvoCeram  
Lot L24180  
Ytterbium trifluoride incorporated 
within  resin  filler particles  
Vivadent, Schaan, 
Liechtenstein 
Gradia 
Direct X 
Lot 
0805142 
Fluoro-alumino-silicate glass filler 
particles  
GC Co., Tokyo, Japan 
Beautifil II  
Lot 060854 
Surface Reaction type Pre Reacted 
Glass Ionomer (S-PRG) filler particles, 
fluoride containing multi-functional 
glass filler. 
Shofu Inc., Kyoto, 
Japan 
•  Three fluoride containing composites were analysed in 
the present study; Giomer Beautifil II, Gradia Direct X 
and Tetric EvoCeram (Table 1). Two groups of 
specimens of each material were prepared for analysis. 
 
•  Group 1 included ten specimens of each material that 
were aged for 43 days; 5 specimens were aged in de-
ionised water and 5 were aged in lactic acid (pH 4). The 
fluoride release from each specimen was measured 9 
times over this period. Following the 43 days of aging, 
each specimen was immersed in 5000ppm neutral 
sodium fluoride for 5 minutes. This specimen recharge 
regime was repeated weekly for 3 weeks and the 
fluoride release measured at weekly intervals. 
 
•  Group 2 included five specimens of each material that 
were aged for 18 months in deionised water. The 
fluoride release from each specimen was measured 
bimonthly. After 18 months aging each specimen was 
immersed in 5000ppm neutral sodium fluoride for 10 
minutes. The fluoride release from each specimen over 
the subsequent 2 months was then recorded. An ion 
specific electrode was used for all fluoride release 
measurements. 
 
Fl
uo
rid
e 
re
le
as
e 
(μ
g/
cm
2 ) 
Two month Fluoride Release following  
10 minute Fluoride Recharge (5,000ppm)  
 after 18 months aging 
0 
10 
20 
30 
40 
Beautifil II Gradia Direct X  Tetric EvoCeram 
 Weekly Fluoride Release following  
5 minute Fluoride Recharge (5,000ppm)  
after 43 days aging 
0 
2 
4 
6 
8 
Beautifil II Gradia Direct X  Tetric EvoCeram 
Week 1 
Week 2 
Week 3 
Fl
u
o
ri
d
e 
re
le
as
e
  (µ
g/
cm
2
 ) 
Fl
u
o
ri
d
e 
re
le
as
e
  (
µ
g/
cm
 2 )
 
Fl
u
o
rd
ie
 r
el
ea
se
  (
µ
g
/c
m
 2 )
 
Cumulative Fluoride Release into  
Deionised Water (43 days aging )  
0 
5 
10 
15 
0 4 8 12 16 20 24 28 32 36 40 44 
Aging Time (Days) 
Beautifil II 
Gradia Direct X 
  
Tetric EvoCeram 
Fl
u
o
ri
d
e 
re
le
as
e
  (
µ
g/
cm
 2 )
 
Cumulative Fluoride Release into  
Deionised Water (18 months aging) 
0 
10 
20 
30 
40 
3 8 13 18 
Aging Time (months) 
Beautifil II 
Gradia Direct X  
Tetric EvoCeram 
Fl
u
o
ri
d
e 
re
le
as
e
  (
µ
g/
cm
 2 )
 
 APPENDIX 4 
 
SUMMARY OF RAW OF DATA 
 
 
Fluoride release: 43 days aging 
 
 
Beautifil II- water- Release          
          
Time elapsed since Cure 1 day 2 days 4 days 8 days 15 days  22 days 29 days 36 days 43 days 
          
Specimen A: F release µg/cm2 2.480303 0 0.865611 0.393505 2.070707 0 0 0.981520 0 
Specimen B: F release µg/cm2 1.367823 0 0.811655 0.381962 1.777803 0.214513 0.189937 1.076452 0 
Specimen C: F release µg/cm2 3.304948 1.809692 2.067574 1.990778 2.910973 1.283671 1.278367 1.882266 0.928117 
Specimen D: F release µg/cm2 1.184182 0.6584957 0.7959408 0.6781272 1.7374963 0.7653751 0.7998263 1.3568362 0.517558 
Specimen E: F release µg/cm2 2.187075 0.5869281 0.8174715 0.5708943 1.577527 0.8401035 0.8605717 1.2443773 0.4725734 
          
Average F release µg/cm2 2.10487 0.611023 1.071651 0.803 2.0149 0.620733 0.62574 1.30829 0.38365 
Std Deviation 0.86295 0.739314 0.5573454 0.6755 0.5316 0.514503 0.522697 0.352284 0.392638 
 
Beautifil II- Lactic Acid- Release          
          
Time elapsed since Cure 1 day 2 days 4 days 8 days 15 days  22 days 29 days 36 days 43 days 
          
Specimen A: F release µg/cm2 3.34105 0.955087 1.583158 2.252452 1.692692 0.927545 0.864341 1.219103 0.153061 
Specimen B: F release µg/cm2 2.882871 1.785484 1.393545 1.957290 2.394722 1.347556 1.490688 1.425097 0.879302 
Specimen C: F release µg/cm2 4.267706 2.319433 2.933031 2.138729 2.847275 1.195897 1.528513 1.279533 1.108724 
Specimen D: F release µg/cm2 3.371145 2.150773 1.679473 2.378055 2.678158 1.755997 1.952918 1.855249 1.198042 
Specimen E: F release µg/cm2 2.971386 2.5274558 1.8026232 2.2455233 2.7861094 1.8378104 2.0160533 1.8457375 1.3408798 
          
Average F release µg/cm2 3.366832 1.947647 1.8783 2.19441 2.4797 1.412962 1.570503 1.524944 0.936002 
Std Deviation 0.548373 0.617807 0.608238 0.157384 0.473019 0.38249 0.461398 0.30649 0.468678 
 
 
Fluoride release: 43 days aging 
 
Gradia- water- Release          
          
Time elapsed since Cure 1 day 2 days 4 days 8 days 15 days  22 days 29 days 36 days 43 days 
          
Specimen A: F release µg/cm2 0 0.153054 0.327589 0 0.875489 0.346929 0.495582 0.942758 0.07750 
Specimen B: F release µg/cm2 0 0.174687 0.361361 0 0.625523 0.205685 0.425721 0.856504 0 
Specimen C: F release µg/cm2 0 0.076826 0.208002 0 0.742515 0.094708 0.301456 0.722315 0.377112 
Specimen D: F release µg/cm2 0 0.231832 0.410117 0.385903 1.028920 0.515848 0.790825 1.417183 0.716688 
Specimen E: F release µg/cm2 0.29261 0.144861 0.379309 0.005768 1.122915 0.403555 0.510381 1.084142 0.404888 
          
Average F release µg/cm2 0.0731 0.156252 0.337276 0.078335 0.879073 0.313346 0.504794 1.004581 0.315238 
Std Deviation 0.1463 0.055903 0.078196 0.171955 0.203016 0.165579 0.179951 0.265515 0.286759 
 
Gradia - Lactic Acid- Release          
          
Time elapsed since Cure 1 day 2 days 4 days 8 days 15 days  22 days 29 days 36 days 43 days 
          
Specimen A: F release  µg/cm2 1.659558 1.224252 0.965111 1.760712 2.390253 1.566329 1.476404 1.336281 0.885749 
Specimen B: F release µg/cm2 2.060203 1.698320 1.447913 2.011513 2.684960 1.072432 1.226898 1.106867 0.871716 
Specimen C: F release µg/cm2 2.277924 1.610469 1.138869 1.778393 2.811282 0.848459 0.788953 1.009951 0.992395 
Specimen D: F release µg/cm2 2.132565 1.399200 0.976263 1.623314 2.605840 1.442259 1.164299 1.054409 0.71918 
Specimen E: F release µg/cm2 2.376318 1.844579 1.608603 2.248203 2.588755 1.113573 1.282936 1.000376 0.655767 
          
Average F release µg/cm2 2.093501 1.555365 1.227352 1.884428 2.616219 1.208611 1.187899 1.101576 0.824962 
Std Deviation 0.318021 0.24553 0.28881 0.246583 0.153865 0.291479 0.251745 0.137819 0.135768 
 
 
 
Fluoride release: 43 days aging 
 
Tetric - Water- Release          
          
Time elapsed since Cure 1 day 2 days 4 days 8 days 15 days  22 days 29 days 36 days 43 days 
          
Specimen A: F release µg/cm2 0 0.14259 0.049982 0 0.45076 0.045159 0.132755 0.643549 0 
Specimen B: F release µg/cm2 0 0 0.231287 0 0.22964 0.279610 0.180663 0.474208 0 
Specimen C: F release µg/cm2 0 0 0 0 0 0.109362 0.010994 0.332732 0 
Specimen D: F release µg/cm2 0 0 0.054113 0 0 0 0 0.241559 0 
Specimen E: F release µg/cm2 0 0 0.012010 0 0 0.015383 0 0.186560 0 
          
Average F release µg/ cm2 0 0.02805 0.069479 0 0.136081 0.089903 0.064889 0.375722 0 
Std Deviation 0 0.063732 0.093445 0 0.202072 0.114024 0.085638 0.185109 0 
 
Tetric - Lactic Acid- Release          
          
Time elapsed since Cure 1 day 2 days 4 days 8 days 15 days  22 days 29 days 36 days 43 days 
          
Specimen A : F release µg/cm2 0 0 0 0 0.155545 0 0 0.237601 0.302347 
Specimen B : F release µg/cm2 0 0 0 0 0 0 0 0.246628 0.381912 
Specimen C : F release µg/cm2 0 0 0 0 0 0.086328 0.279828 0.485627 0.568289 
Specimen D : F release µg/cm2 0 0 0 0 0 0.158045 0.28765 0.523130 0.698913 
Specimen E : F release µg/cm2 0 0 0 0 0 0.294171 0.362632 0.501001 0.766594 
          
Average F release µg/cm2 0 0 0 0 0.031109 0.107709 0.186024 0.398798 0.543612 
Std Deviation 0 0 0 0 0.069562 0.123452 0.172865 0.143686 0.199251 
 
 
Fluoride release: 43 days aging 
 
Fuji IX – Lactic Acid Daily- Release          
          
Time elapsed since Cure 1 day 2 days 4 days 8 days 15 days  22 days 29 days 36 days 43 days 
          
Specimen A: F Release µg/cm2 108.7680 43.73601 22.38340 12.73745 7.950644 4.743081 4.191572 3.943589 3.317091 
Specimen B: F Release µg/cm2 93.79559 36.42681 19.47434 11.65408 7.319103 4.377446 3.879661 2.460486 3.279312 
Specimen C: F Release µg/cm2 88.0650 32.02152 19.76397 10.89791 6.718462 4.577934 3.037676 0 2.424521 
Specimen D: F Release µg/cm2 95.55171 48.77723 22.60485 12.40535 8.895546 4.882320 3.259318 4.010485 3.043525 
Specimen E: F Release µg/cm2 88.37129 43.16472 20.64965 11.84849 7.44088 5.125883 3.972287 2.971738 3.0769 
          
Average Per Day F release µg/cm2 94.91034 40.82526 20.9752 11.90866 7.664928 4.741332 3.668102 3.346574 3.02827 
Std Deviation 8.415872 6.59605 1.45182 0.711272 0.815727 0.285863 0.493924 0.757817 0.358312 
 
 
Fuji IX – Water Daily- Release        
          
Time elapsed since Cure 1 day 2 days 4 days 8 days 15 days  22 days 29 days 36 days 43 days 
          
Specimen A : F release µg/cm2 90.1234407 27.9732207 14.85640 9.162101 6.629407 2.057127 4.092513 1.763027 0.701305 
Specimen B : F release µg/cm2 103.97510 32.2460229 23.0393 12.83035 8.890117 5.449113 3.617624 3.494484 3.049957 
Specimen C : F release µg/cm2 96.8847440 26.4119163 21.15601 10.12558 7.963393 3.969847 2.694893 2.703094 2.255872 
Specimen D : F release µg/cm2 94.0309780 23.8052709 19.54322 10.62227 7.050070 4.196939 2.343084 2.331759 2.554777 
Specimen E : F release µg/cm2 90.7637634 28.9927748  10.76699 6.807151 4.305408 2.661876 2.090018 2.202127 
          
Average F release µg/cm2 95.15561 27.88504 19.64875 10.7014 7.468028 3.995687 2.738984 2.476477 2.152808 
Std Deviation 5.626925 3.125205 3.499801 1.345733 0.946368 1.225516 0.516562 0.664642 0.878403 
Fluoride recharge: 49-70 days aging 
 
Beautifil II- Deionised Water- Recharge    Beautifil II- Deionised Water- Recharge   
         
Week 1 (note 49 days passed prior to 1st recharge)  Week 2 (note 49 days passed prior to 1st recharge) 
Time elapsed since Recharge 1 day 3 days 7days  Time elapsed since Recharge 1 day 3 days 7 days 
Specimen A: F release µg/cm2 2.941459 0.845263 1.524612  Specimen A: F release µg/cm2 3.780523 1.042876 0 
Specimen B: F release µg/cm2 2.876897 0.543076 1.230929  Specimen B: F release µg/cm2 3.535355 1.901732 0 
Specimen C: F release µg/cm2 3.912785 1.186267 1.762189  Specimen C: F release µg/cm2 4.451538 1.922489 0.632901 
Specimen D: F release µg/cm2 2.557292 0.566773 1.702659  Specimen D: F release µg/cm2 3.25593 1.470102 0.491977 
Specimen E: F release µg/cm2 3.024879 0.869234 1.5381  Specimen E: F release µg/cm2 3.62154 1.072452 0.041125 
         
Average F release µg/cm2 3.062663 0.802123 1.5517  Average F release µg/cm2 3.728977 1.48193 0.233201 
Std Deviation 0.507133 0.262881 0.2067  Std Deviation 0.44653 0.427465 0.305116 
         
Cumulative F Release µg/cm2 3.062663 3.864786 5.416486  Cumulative F Release µg/cm2 3.728977 5.210907 5.444108 
 
Beautifil II- Deionised Water- Recharge    Beautifil II - Lactic Acid- Recharge   
         
Week 3 (note 49 days passed prior to 1st recharge)  Week 1 (note 49 days passed prior to 1st recharge) 
Time elapsed since Recharge 1 day 3 days 7 days  Time elapsed since Recharge 1 day 3 days 7days 
Specimen A: F release µg/cm2 2.987573 1.875065 1.621964  Specimen A: F release µg/cm2 2.481844 0.982595 1.8869 
Specimen B: F release µg/cm2 3.844701 1.275462 1.251769  Specimen B: F release µg/cm2 2.266091 1.08564 2.0244 
Specimen C: F release µg/cm2 4.348839 1.713823 2.138491  Specimen C: F release µg/cm2 2.83507 1.061456 2.1092 
Specimen D: F release µg/cm2 3.547188 1.25062 1.464373  Specimen D: F release µg/cm2 2.178599 1.184845 2.0732 
Specimen E: F release µg/cm2 3.965591 1.065462 1.277659  Specimen E: F release µg/cm2 2.659921 1.118566 2.0426 
         
Average F release µg/cm2 3.7387 1.436086 1.550851  Average F release µg/cm2 2.484305 1.08662 2.027327 
Std Deviation 0.50884 0.341834 0.361227  Std Deviation 0.271549 0.074371 0.084806 
         
Cumulative F Release µg/cm2 3.7387 5.174786 6.725637  Cumulative F Release µg/cm2 2.484305 3.570925 5.598252 
 
Fluoride recharge: 49-70 days aging 
Beautifil II - Lactic Acid- Recharge    Beautifil II - Lactic Acid- Recharge   
         
Week 2 (note 49 days passed prior to 1st recharge)  Week 3 (note 49 days passed prior to 1st recharge) 
Time elapsed since Recharge 1 day 3 days 7 days  Time elapsed since Recharge 1 day 3 days 7 days 
Specimen A: F release µg/cm2 3.053437 1.180902 1.800987  Specimen A: F release µg/cm2 3.508856 1.090083 1.769117 
Specimen B: F release µg/cm2 3.202957 1.353459 1.922186  Specimen B: F release µg/cm2 3.814293 1.323312 2.118164 
Specimen C: F release µg/cm2 3.785411 1.493377 2.401824  Specimen C: F release µg/cm2 3.852818 1.766337 2.134453 
Specimen D: F release µg/cm2 3.969908 1.555475 2.942088  Specimen D: F release µg/cm2 5.023255 2.011977 2.596335 
Specimen E: F release µg/cm2 3.526918 1.53285 3.270103  Specimen E: F release µg/cm2 3.789824 1.963918 2.111274 
         
Average F release µg/cm2 3.507726 1.423213 0.980376  Average F release µg/cm2 3.997809 1.631125 2.145869 
Std Deviation 0.384172 0.156538 0.425724  Std Deviation 0.589189 0.406681 0.294515 
         
Cumulative F Release µg/cm2 3.507726 4.930939 5.911315  Cumulative F Release µg/cm2 3.997809 5.628934 7.774803 
 
Gradia- Deionised Water- Recharge    Gradia- Deionised Water- Recharge   
         
Week 1 (note 49 days passed prior to 1st recharge)  Week 2 (note 49 days passed prior to 1st recharge)  
Time elapsed since Recharge 1 day 3 days 7days  Time elapsed since Recharge 1 day 3 days 7 days 
Specimen A: F Release µg/cm2 0.775438 0.620273 1.943158  Specimen A: F Release µg/cm2 2.400567 0.766946 0 
Specimen B: F Release µg/cm2 0.41819 0.284469 1.140441  Specimen B: F Release µg/cm2 2.029309 0.782385 0.326907 
Specimen C: F Release µg/cm2 0.457176 0.286422 1.173496  Specimen C: F Release µg/cm2 1.459207 0.976595 0 
Specimen D: F Release µg/cm2 1.379214 1.164599 1.562397  Specimen D: F Release µg/cm2 3.524013 1.376927 1.5444 
Specimen E: F Release µg/cm2 2.119581 0.81357 1.596025  Specimen E: F Release µg/cm2 2.742792 1.010843 0.494062 
         
Average F release µg/cm2 1.02992 0.633866 1.483103  Average F release µg/cm2 2.431178 0.982739 0.473074 
Std Deviation 0.720482 0.373146 0.333153  Std Deviation 0.774364 0.246435 0.635835 
         
Cumulative F Release µg/cm2 1.02992 1.663786 3.146889  Cumulative F Release µg/cm2 2.431178 3.413917 3.886991 
 
Fluoride recharge: 49-70 days aging 
Gradia- Deionised Water- Recharge    Gradia - Lactic Acid- Recharge    
         
Week 3 (note 49 days passed prior to 1st recharge)  Week 1 (note 49 days passed prior to 1st recharge) 
Time elapsed since Recharge 1 day 3 days 7 days  Time elapsed since Recharge 1 day 3 days 7days 
Specimen A: F Release µg/cm2 1.984917 0.83022 0.922541  Specimen A: F Release µg/cm2 2.308232 1.211441 1.927423 
Specimen B: F Release µg/cm2 2.513004 0.785246 0.775438  Specimen B: F Release µg/cm2 2.941815 1.228669 2.281429 
Specimen C: F Release µg/cm2 2.313919 0.923019 1.118238  Specimen C: F Release µg/cm2 1.954989 1.75074 2.017018 
Specimen D: F Release µg/cm2 3.62112 1.337835 1.786363  Specimen D: F Release µg/cm2 1.923452 1.198086 1.97398 
Specimen E: F Release µg/cm2 3.302067 0.994356 1.012387  Specimen E: F Release µg/cm2 3.18527 1.609414 1.90663 
         
Average F release µg/cm2 2.747006 0.974135 1.122993  Average F release µg/cm2 2.462752 1.39967 2.021296 
Std Deviation 0.688344 0.221889 0.391565  Std Deviation 0.575343 0.261032 0.151564 
         
Cumulative F Release µg/cm2 2.747006 3.721141 4.844134  Cumulative F Release µg/cm2 2.462752 3.862422 5.883718 
 
Gradia - Lactic Acid- Recharge     Gradia - Lactic Acid- Recharge    
         
Week 2 (note 49 days passed prior to 1st recharge)  Week 3 (note 49 days passed prior to 1st recharge) 
Time elapsed since Recharge 1 day 3 days 7 days  Time elapsed since Recharge 1 day 3 days 7 days 
Specimen A: F Release µg/cm2 2.904657 1.940497 2.005759  Specimen A: F Release µg/cm2 4.077286 1.745625 1.807784 
Specimen B: F Release µg/cm2 3.222509 1.786983 2.444868  Specimen B: F Release µg/cm2 3.157344 1.650963 2.017577 
Specimen C: F Release µg/cm2 2.475963 1.632969 1.668332  Specimen C: F Release µg/cm2 2.60961 1.374823 1.500806 
Specimen D: F Release µg/cm2 2.967554 1.810765 1.71652  Specimen D: F Release µg/cm2 2.621186 1.574027 1.435301 
Specimen E: F Release µg/cm2 2.873321 1.919563 1.98412  Specimen E: F Release µg/cm2 3.861032 1.861766 1.788281 
         
Average F release µg/cm2 2.888801 1.818156 1.96392  Average F release µg/cm2 3.265291 1.641441 1.70995 
Std Deviation 0.268556 0.123056 0.30905  Std Deviation 0.683865 0.183792 0.239539 
         
Cumulative F Release µg/cm2 2.888801 4.706957 6.670877  Cumulative F Release µg/cm2 3.265291 4.906732 6.616682 
 
Fluoride recharge: 49-70 days aging 
Tetric- Deionised Water- Recharge    Tetric- Deionised Water- Recharge   
         
Week 1 (note 49 days passed prior to 1st recharge)  Week 2 (note 49 days passed prior to 1st recharge) 
Time elapsed since Recharge 1 day 3 days 7days  Time elapsed since Recharge 1 day 3 days 7 days 
Specimen A: F Release µg/cm2 0.572671 0.758892 1.993888  Specimen A: F Release µg/cm2 1.106803 1.284192 2.726817 
Specimen B: F Release µg/cm2 0.804208 0.736844 1.417937  Specimen B: F Release µg/cm2 0.824197 1.085624 1.790996 
Specimen C: F Release µg/cm2 0.809244 0.690829 1.483813  Specimen C: F Release µg/cm2 0.37887 1.091253 1.124854 
Specimen D: F Release µg/cm2 0.495561 0.583638 1.582175  Specimen D: F Release µg/cm2 0.327202 1.083785 1.07257 
Specimen E: F Release µg/cm2 0.507523 0.579152 1.406239  Specimen E: F Release µg/cm2 1.316026 1.12199 1.221677 
         
Average F release µg/cm2 0.637841 0.669871 1.57681  Average F release µg/cm2 0.79062 1.13369 1.587383 
Std Deviation 0.156948 0.084432 0.243396  Std Deviation 0.436304 0.085716 0.698655 
         
Cumulative F Release µg/cm2 0.637841 1.307712 2.884522  Cumulative F Release µg/cm2 0.79062 1.92431 3.511693 
 
Tetric- Deionised Water- Recharge    Tetric - Lactic Acid- Recharge    
         
Week 3 (note 49 days passed prior to 1st recharge)  Week 1 (note 49 days passed prior to 1st recharge) 
Time elapsed since Recharge 1 day 3 days 7 days  Time elapsed since Recharge 1 day 3 days 7days 
Specimen A: F Release µg/cm2 2.215043 1.152953 1.187937  Specimen A: F Release µg/cm2 0.393044  1.620839 
Specimen B: F Release µg/cm2 1.735133 1.007855 0.850848  Specimen B: F Release µg/cm2 0 0.150923 1.848274 
Specimen C: F Release µg/cm2 1.577168 0.976622 0.943294  Specimen C: F Release µg/cm2 0.190875 0.438661 1.637059 
Specimen D: F Release µg/cm2 1.012508 0.881663 0.839599  Specimen D: F Release µg/cm2 0 0.332706 1.743048 
Specimen E: F Release µg/cm2 1.067828 0.722366 0.887995  Specimen E: F Release µg/cm2 0 0.253662 1.664444 
         
Average F release µg/cm2 1.521536 0.948292 0.941935  Average F release µg/cm2 0.116784 0.293988 1.702735 
Std Deviation 0.498656 0.159467 0.143351  Std Deviation 0.17516 0.121824 0.093932 
         
Cumulative F Release µg/cm2 1.521536 2.469828 3.411763  Cumulative F Release µg/cm2 0.116784 0.410772 2.113507 
 
Fluoride recharge: 49-70 days aging 
Tetric - Lactic Acid- Recharge     Tetric - Lactic Acid- Recharge    
         
Week 2 (note 49 days passed prior to 1st recharge)  Week 3 (note 49 days passed prior to 1st recharge) 
Time elapsed since Recharge 1 day 3 days 7 days  Time elapsed since Recharge 1 day 3 days 7 days 
Specimen A: F Release µg/cm2 1.4938 1.022933 0.649681  Specimen A: F Release µg/cm2 1.802991 1.091714 1.189492 
Specimen B: F Release µg/cm2 0.63484 0.806091 0.522605  Specimen B: F Release µg/cm2 1.344336  1.34967 
Specimen C: F Release µg/cm2 0.9025 0.794133 0.983543  Specimen C: F Release µg/cm2 2.020808 0.745544 1.128624 
Specimen D: F Release µg/cm2 0.8081 0.91892 1.152009  Specimen D: F Release µg/cm2 1.7655 0.862178 1.068804 
Specimen E: F Release µg/cm2 0.62956 0.86293 1.594041  Specimen E: F Release µg/cm2 1.751724 0.731253 1.096315 
         
Average F release µg/cm2 0.893172 0.881002 0.980376  Average F release µg/cm2 1.737072 0.857627 1.166581 
Std Deviation 0.355639 0.09363 0.425724  Std Deviation 0.245008 0.166684 0.111786 
         
Cumulative F Release µg/cm2 0.893172 1.774174 2.75455  Cumulative F Release µg/cm2 1.737072 2.594699 3.76128 
Fluoride release: 18 months aging 
 
Beautifil II           
Time elapsed since Cure (months) 2 4 6 8 10 12 14 16 18 
Specimen A: F release µg/cm2 7.4916477 2.3810557 2.5635545 2.1356778 2.0566078 1.8464552 2.8999949 0 0.5246394 
Specimen B: F release µg/cm2 6.5201495 2.9419335 2.7508673 2.8547322 2.7155993 2.4224955 3.2419494 0 0.6557983 
Specimen C: F release µg/cm2 18.156388 3.3078059 2.9530294 3.3634978 3.6065873 3.5914912 4.0669172 0.9346829 1.3269464 
Specimen D: F release µg/cm2 9.1938375 3.5628756 2.8870321 3.1518818 4.0722628 3.4876067 3.9222956 0.6430400 1.2972904 
Specimen E: F release µg/cm2 9.85752253 3.50375019 2.835248 3.092649 3.807556 3.630901 4.470455 1.420819 1.956352 
 
Gradia Direct X          
Time elapsed since Cure (months) 2 4 6 8 10 12 14 16 18 
Specimen A: F release µg/cm2 3.21890462 1.1494311 1.771561 1.913398 2.259167 2.337001 2.36732 0 1.23590875 
Specimen B: F release µg/cm2 2.6494836 1.0416280 1.5600299 1.6302101 1.55599 1.7094897 1.6643808 0.973152 1.0193869 
Specimen C: F release µg/cm2 2.5229378 1.0342034 1.2841322 1.4241966 1.2869700 1.5382373 1.4494227 0 0.6651197 
Specimen D: F release µg/cm2 5.4973192 1.2415989 1.3638051 1.2814720 2.0099149 1.5168977 1.2054007 0 0.4597173 
Specimen E: F release µg/cm2 4.3484405 0.9946912 1.4002207 1.3144068 1.032742 1.2920809 1.1623787 0 0.40778 
 
Tetric           
Time elapsed since Cure (months) 2 4 6 8 10 12 14 16 18 
Specimen A: F release µg/cm2 1.46479838 0 0 0.00010376 0 0.31132853 0.7316069 0 0 
Specimen B: F release µg/cm2 1.39541383 0 0 0 0 0.01546594 0.49006691 0 0 
Specimen C: F release µg/cm2 0.45309 0 0 0 0 0 0.25866079 0 0 
Specimen D: F release µg/cm2 0.29567249 0 0 0 0 0 0.09728635 0 0 
Specimen E: F release µg/cm2 0.21395471 0 0 0.00022616 0 0 0.48505668 0 0 
Fluoride recharge after 18 months aging 
 
 
 Beautifil II Gradia Direct X Tetric Evo Ceram 
Specimen A: F re-release µg/cm2 24.70455744 16.33215808 5.020438417 
Specimen B: F re-release µg/cm2 28.49695029 18.59960234 4.589339466 
Specimen C: F re-release µg/cm2 34.88010602 11.68924172 5.507763023 
Specimen D: F rerelease µg/cm2 31.45062763 4.793917715 2.243653784 
Specimen E: F re-release µg/cm2 38.96553929 3.909808703 12.57028887 
 
Fuji IX fluoride release over 18 months aging 
 
Fuji 9           
          
Time elapsed since Cure (months) 2 4 6 8 10 12 14 16 18 
Specimen A: F release µg/cm2 141.32363 98.604875 71.159679 54.179096 42.110368 36.232152 40.109910 21.735250 17.387650 
Specimen B: F release µg/cm2 147.35542 06.071723 2.8013056 64.266371 61.909709 7.6240056 52.217443 47.631044 38.937146 
Specimen C: F release µg/cm2 143.221 97.40734 76.24873 55.84439 52.26497 45.7843 43.60042 8.758601 40.188646 
Specimen D: F release µg/cm2 148.3063 105.1925 90.20359 64.876595 60.808433 53.873556 52.081967 47.450635 45.797908 
Specimen E: F release µg/cm2 148.5455 107.1974 80.00891 66.85604 63.598499 56.170410 51.858031 49.4193968 50.0215518 
Elastic modulus over 18 months aging 
  
Elastic Modulus  (GPa)         
        
Beautifil II -Water         
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 14.43831783 15.7751779 17.41891352 14.75647144 14.83551474 16.82350422 14.98872536 
Specimen B 16.06493652 15.61198525 16.73897174 16.8575338 14.28254991 15.54251303 16.30376178 
Specimen C 15.67789737 15.31064407 16.58175271 16.84905147 14.52770119 14.30235677 16.52152155 
        
        
Beautifil II -Acid        
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 16.78213697 15.6273018 17.15645152 16.5957694 15.24452842 14.24299217 14.89165555 
Specimen B 17.3147714 16.40254426 18.55728917 16.17427055 14.01533821 12.03795493 12.06793035 
Specimen C 15.53401565 16.46094576 17.08275623 16.9579099 13.11804321 12.09082145 11.2836315 
        
        
Gradia Direct X-Water         
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 8.976330113 10.04165898 10.78720706 11.60608929 10.70295503 11.43535143 11.7980319 
Specimen B 9.217599746 9.323875388 10.75874517 10.42855002 10.34827705 11.33944889 11.01709551 
Specimen C 8.729677119 9.607073773 10.91923969 11.21234325 10.32089253 10.73105207 11.49931196 
        
        
Gradia Direct-Acid        
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 9.095216931 10.21697634 11.4733878 11.70921376 10.78402696 10.14849018 9.896091924 
Specimen B 8.892982524 9.877636256 10.99046914 11.18907268 10.04236927 8.505955386 9.257193176 
Specimen C 9.217023628 10.50336787 11.16500504 10.89244334 10.58620933 10.47507308 10.26770125 
        
        
Elastic modulus over 18 months aging 
Tetric -Water         
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 11.56118838 11.18786552 12.88370984 13.84991038 12.14681934 13.23257387 14.08391796 
Specimen B 11.65505592 11.70413668 12.27588132 13.20467978 12.42454179 13.6484814 13.72875373 
Specimen C 11.50441952 11.67953232 12.45875059 13.10672977 11.48921796 12.79816115 12.82698728 
        
        
Tetric -Acid        
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 11.3076773 11.58221691 12.5933112 11.41008419 10.07209453 11.86841577 13.32171053 
Specimen B 12.23518923 11.96825161 12.61247835 13.0174487 12.78225548 12.28086862 11.83281405 
Specimen C 12.50174844 10.7773914 12.41416852 11.41008419 11.02992238 11.44171803 11.90957965 
        
        
Fuji IX -Water         
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 3.717956812 4.119124961 4.119124961 2.420753363 2.297483748 2.441865508 2.541443087 
Specimen B 6.199885883 2.88503182 2.88503182 2.590416678 2.874785109 2.477305404 2.398199273 
Specimen C 6.095698447 3.39690202 3.39690202 2.420753363 2.679603775 2.814930029 1.934378907 
 
Hardness over 18 months aging 
 
Hardness (GPa)        
        
Beautifil II -Water        
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 0.61690743 0.678303934 0.797002392 0.590536176 0.580325429 0.609628198 0.583145046 
Specimen B 0.774695894 0.739964184 0.797808958 0.590536176 0.571840007 0.609628198 0.690109299 
Specimen C 0.713451106 0.758619478 0.732437213 0.590536176 0.594180734 0.609628198 0.674384126 
        
        
Beautifil II -Acid        
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 0.78901886 0.745692593 0.795588469 0.745692593 0.598124818 0.512832016 0.500022317 
Specimen B 0.844495476 0.763533925 0.755420297 0.763533925 0.44690669 0.341677024 0.263828054 
Specimen C 0.700823638 0.707830541 0.723504019 0.707830541 0.433473158 0.30516958 0.250979731 
        
        
Gradia Direct X-Water        
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 0.361572155 0.376406017 0.425860737 0.494500663 0.424527792 0.485615274 0.497692429 
Specimen B 0.318059746 0.34995583 0.412589785 0.411631437 0.382155517 0.443018438 0.42977118 
Specimen C 0.302454213 0.361011359 0.443036683 0.440110907 0.396830419 0.449830439 0.449426606 
        
        
Gradia Direct -Acid        
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 0.316797944 0.378862409 0.426526437 0.450388103 0.387299302 0.324744093 0.280729108 
Specimen B 0.330641123 0.379870217 0.442214018 0.486723767 0.42545759 0.253921096 0.237867737 
Specimen C 0.343382736 0.40316528 0.445966885 0.4245189 0.4 0.371270221 0.40121515 
        
        
Hardness over 18 months aging 
Tetric -Water        
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 0.47854404 0.481931566 0.566335827 0.576880135 0.504026704 0.548964445 0.507298612 
Specimen B 0.462931659 0.442692423 0.488634842 0.569242686 0.504026704 0.519417706 0.487862007 
Specimen C 0.410182908 0.466223646 0.479585825 0.515870247 0.504026704 0.482744828 0.500038317 
        
        
Tetric -Acid        
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 0.413421699 0.435377266 0.487799173 0.543702784 0.524774349 0.410274331 0.431509419 
Specimen B 0.454802762 0.446696206 0.543109353 0.541011412 0.470339872 0.402695423 0.382899026 
Specimen C 0.454863066 0.411946028 0.513672214 0.541011412 0.42339186 0.392995585 0.378116515 
        
        
Fuji IX -Water        
Time Elapsed since cure 1 Day 30 Days 86 Days 172 days 365 days 535 days Recharge 
Specimen A 0.033250702 0.123388539 0.068984697 0.038763922 0.032997661 0.049357976 0.05952542 
Specimen B 0.031522308 0.068296812 0.102420915 0.059632034 0.048986784 0.042170379 0.015179234 
Specimen C 0.055610764 0.08185108 0.042363814 0.049197978 0.044725513 0.055017279 0.025744512 
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1 3 1 1 2 3 Y N 3 1 2 2 3 N N 2 1 1 2 2 Y N 2 1 2 2 3 N N 1 1 2 2 2 N N B 
2 3 1 1 2 3 N N 3 1 1 2 3 N N 2 1 1 2 3 N N 2 1 2 2 2 N N 2 1 2 2 3 N N E 
3 2 1 2 2 3 N N 3 1 2 3 3 N N 2 1 2 2 3 N N 2 1 1 3 3 Y N 2 1 1 2 3 N N E 
4 3 1 2 2 3 N N 3 1 2 2 3 N N 2 1 2 2 2 N N 2 1 2 2 2 N N 2 1 2 2 2 N N C 
5 2 1 1 2 3 N N 3 1 1 3 3 Y Y 2 1 2 2 1 N N 2 1 1 2 2 N N 1 1 3 1 1 N N A 
6 4 1 2 2 3 N N 3 1 2 2 3 N N 2 1 1 2 2 Y N 2 1 1 2 3 N N 2 1 1 2 1 N N E 
7 2 1 2 2 2 N N 3 1 2 2 3 N N 3 1 2 2 2 Y N 3 1 1 2 3 N N 2 1 1 2 2 N N B 
8 2 1 1 3 3 N N 2 1 2 2 3 N N 2 1 2 2 3 N N 2 1 2 2 3 Y N 2 1 2 2 2 N N A 
9 2 1 2 2 3 N Y 3 1 2 2 3 N N 3 1 2 3 3 Y N 1 1 1 1 2 Y N 1 1 1 2 2 N N E 
10 2 1 1 2 3 Y N 2 1 1 3 3 N N 3 1 1 3 2 N Y 2 1 1 3 3 N N 2 1 1 3 2 N N B 
11 2 1 1 2 2 N N 3 1 2 2 3 N N 2 1 2 3 2 N N 3 1 2 2 3 N N 2 1 3 1 1 N N A 
12 3 1 1 2 3 Y N  2 1 2 2 3 N N 2 1 2 2 3 N N 3 1 1 2 3 N N 1 1 3 2 2 N N D 
13 2 1 2 2 3 Y N 3 1 2 2 3 N N 2 1 2 2 3 N Y 1 1 2 1 3 Y Y 1 1 2 1 3 Y Y A 
14 2 1 2 2 3 N N 3 1 2 1 3 N N 2 1 2 2 3 Y Y 2 1 1 2 2 Y N 2 1 2 2 3 Y Y A 
15 2 1 2 2 2 Y N 3 1 2 3 3 N N 3 1 1 2 2 N N 2 1 2 2 2 Y Y 1 1 1 2 2 Y Y C 
16 2 1 2 1 2 N N 3 1 2 2 2 N N 3 1 2 2 2 Y Y 3 1 2 1 3 N N 4 1 2 2 2 N N D 
17 2 1 3 2 2 N N 3 1 2 3 3 N N 2 1 2 2 2 N N 2 1 2 2 2 N Y 2 1 2 2 2 N N B 
18 2 1 2 2 2 N N 3 1 1 2 3 N N 3 1 1 2 3 N N 3 1 2 2 3 N N 2 1 2 2 2 N N C 
19 3 1 1 3 3 N N 4 1 3 3 3 N N 2 1 2 3 3 N N 5 2 2 3 3 N N 2 1 1 2 2 N Y A 
Handling characteristics exercise: Responses 
 
20 2 1 1 2 2 N N 4 1 2 3 3 N N 3 1 2 3 3 N N 2 1 2 2 3 N N 1 1 3 1 1 N N D 
21 3 1 2 2 3 N N 3 1 2 3 3 N N 3 1 3 2 2 Y Y 4 1 2 3 3 Y Y 2 1 1 2 2 N N E 
22 3 1 1 3 3 Y N 3 1 2 2 3 N N 2 2 3 2 3 Y N 3 1 2 3 3 N N 2 1 1 3 2 Y N D 
23 3 1 1 3 3 N N 3 1 1 3 3 N Y 3 1 2 2 3 N N 3 1 1 3 3 N N 3 1 2 3 2 N N A 
24 3 1 2 2 3 N N 2 1 2 3 3 N N 4 1 3 3 3 N N 4 1 2 3 3 N N 2 1 2 2 3 N N B 
25 3 1 2 3 3 N N 4 1 2 3 3 N  N 2 1 2 2 2 N N 2 1 3 1 2 N N 2 3 1 2 3 N N A 
26 3 1 1 3 3 N N 5 1 2 3 3 N N 3 1 1 3 3 N N 3 1 1 3 3 N N 2 1 1 3 3 N N A 
27 3 1 2 3 2 N N 5 1 3 3 3 N Y 3 1 2 2 2 N N 3 1 2 2 3 N N 2 1 1 3 3 N N E 
28 3 1 2 2 3 Y N 3 1 2 1 3 N N 5 1 1 2 3 Y 
 
N 4 1 2 3 3 N N 2 1 1 2 3 N N E 
29 2 1 2 2 2 N N 3 1 2 3 3 N Y 3 1 3 3 3 N Y 3 1 2 3 3 N N 1 1 2 3 2 N N A 
30 3 2 2 3 2 N N 4 2 3 3 3 N N 3 1 2 3 3 Y N 4 2 2 3 3 Y N 2 1 2 3 3 N N E 
31 3 1 2 3 3 N N 5 1 2 2 3 Y N 3 1 2 2 3 N Y 2 3 2 2 3 N N 2 1 1 3 3 N N E 
32 3 1 1 3 3 N N 3 2 1 3 3 N N 2 3 1 2 3 N Y 4 1 2 3 3 N N 2 1 2 2 2 N N A 
33 3 1 2 2 3 N N 5 1 2 2 3 Y Y 2 1 3 2 2 Y N 2 1 2 2 3 Y N 2 1 1 2 2 Y N A 
34 2 1 1 2 3 N N 2 1 1 3 3 N N 3 1 2 3 3 Y Y 3 1 2 3 3 N N 2 1 1 2 3 N Y A 
35 2 1 1 3 3 N N 3 1 2 2 3 N N 2 1 1 3 3 N N 3 1 2 2 3 Y N 2 1 1 2 3 N N C 
36 3 1 3 1 3 Y N 2 1 1 2 3 N Y 2 1 1 2 2 N N 1 1 2 2 3 N N 1 1 3 1 3 N N B 
37 2 1 2 2 2 Y N 3 1 3 1 3 N Y 5 1 2 2 3 N Y 2 1 1 2 3 N N 2 1 2 2 2 Y N D 
38 3 1 2 2 3 N N 3 1 2 3 3 N N 3 1 1 3 3 N N 3 1 1 3 3 N N 2 1 2 2 3 N N C 
39 3 1 3 2 1 N N 5 1 2 3 3 N Y 2 1 2 2 3 N Y 2 1 2 2 2 N Y 2 1 1 2 2 N N E 
40 2 1 2 2 3 N Y 3 1 2 3 3 N N 3 1 2 2 2 N N 2 1 1 3 3 N N 1 1 2 2 2 N N D 
41 2 1 3 1 2 Y N 3 2 3 2 2 Y Y 2 1 2 2 3 N N 1 1 2 2 3 N N 2 1 3 1 2 N N C 
42 2 1 2 1 2 N N 3 1 1 3 3 N N 3 1 2 3 3 N N 2 1 1 3 3 N N 1 1 3 1 2 N Y C 
43 2 1 2 2 2 Y Y 3 2 2 1 1 N Y 2 1 2 2 2 N N 2 1 3 2 2 N N 1 1 3 1 2 N N C 
44 2 1 2 2 2 Y N 3 1 2 2 3 N Y 2 1 2 2 2 N Y 3 1 1 3 3 N N 2 1 3 2 1 N N C 
45 3 1 1 2 3 N N 3 1 1 2 3 N N 2 1 1 2 2 N N 2 1 1 2 2 N N 2 2 2 1 3 N N A 
46 1 1 3 1 1 Y Y 5 1 1 3 3 N N 3 1 1 2 3 N N 2 1 2 2 2 N N 1 1 3 1 2 Y N C 
47 2 1 2 2 2 Y N 3 1 2 2 2 Y Y 3 1 1 2 2 N N 3 1 2 3 3 N N 2 1 3 1 1 N N D 
Handling characteristics exercise: Responses 
 
48 2 1 2 3 3 N N 3 1 2 3 3 Y N 3 1 2 3 3 N N 3 1 1 3 3 N N 2 1 1 2 3 Y N D 
49 2 1 1 2 2 Y N 4 1 2 2 2 Y N 3 1 1 2 3 N N 3 1 1 2 3 N N 2 1 1 2 2 N N A 
50 3 1 1 3 3 N N 5 2 2 3 3 N N 2 1 1 2 2 N N 3 1 1 2 3 N N 2 1 1 2 2 Y N D 
51 2 1 2 2 2 N N 3 1 2 3 3 N N 2 1 2 2 2 Y N 3 1 1 3 3 N N 2 1 2 1 2 Y N D 
52 2 1 3 2 3 N N 3 1 2 3 3 N Y 2 1 3 1 1 Y N 2 1 2 1 1 Y N 2 1 2 2 3 N N A 
53 2 1 1 2 3 N N 2 1 2 3 3 N Y 2 1 2 2 3 N N 2 1 2 1 3 N N 1 1 1 2 1 N N B 
54 2 1 1 3 2 N N 5 2 2 3 3 N N 1 1 2 1 1 N N 2 1 2 3 2 N N 1 1 1 3 2 N N A 
55 3 1 2 3 3 N N 4 1 2 3 3 N N 2 1 2 2 2 N N 2 1 3 1 2 N N 1 1 2 3 2 N N E 
56 3 1 2 3 3 N N 4 1 2 2 3 Y N 2 1 2 2 2 N N 2 1 3 3 2 Y N 1 1 3 1 1 N N A 
57 3 1 2 2 3 N N 5 2 3 3 3 N N 3 1 2 2 3 N N 3 1 2 2 3 Y N 2 1 1 2 2 Y N E 
58 2 1 2 3 3 N N 3 1 2 2 3 N Y 3 1 2 3 3 N N 2 1 2 3 3 N N 2 1 3 3 3 N Y D 
59 1 1 2 1 2 N N 5 2 1 3 3 N Y 2 1 1 2 3 N Y 4 1 1 2 3 N N 3 1 2 2 2 Y N D 
60 3 1 2 3 3 N N 2 1 1 2 3 N N 2 1 1 3 3 N N 2 1 1 2 3 N N 1 1 2 2 1 N N C 
61 3 1 2 2 3 N N 4 2 2 3 3 N N 3 1 2 3 3 N N 2 1 1 3 3 N N 2 1 1 2 2 N N D 
62 4 1 3 3 2 N N 4 1 2 2 3 N N 2 1 2 2 2 N N 2 1 1 2 3 N N 2 1 2 1 2 N N D 
63 2 1 1 2 2 Y N 3 1 2 3 3 N N 2 1 1 2 3 Y N 3 1 1 3 3 Y N 2 1 1 2 2 N N E 
64 3 1 1 2 3 N N 2 1 2 3 3 N N 1 1 2 2 2 N N 2 1 1 2 3 N N 2 1 3 2 3 N N D 
65 3 1 2 3 3 N N 2 1 1 2 3 N N 2 1 2 3 3 N N 1 1 1 2 3 N N 1 1 1 2 3 N N B 
66 4 1 1 3 3 N N 5 1 2 3 3 N N 3 1 1 3 3 N N 3 1 1 3 3 N N 2 1 1 2 2 N N D 
67 3 1 2 2 2 N N 2 1 1 2 3 N Y 3 1 2 2 3 N N 3 1 2 3 3 N N 1 1 2 2 1 Y N A 
68 2 1 2 2 2 N N 4 1 1 3 3 N Y 3 1 1 3 2 Y N 3 1 2 2 3 Y Y 2 1 1 2 2 Y N A 
69 2 1 1 3 2 Y N 2 1 1 3 3 Y Y 2 1 2 2 2 N N 2 1 2 2 2 N N 2 1 1 2 2 N N D 
70 2 1 1 3 3 n n 3 1 2 3 3 y n 4 1 3 1 3 y n 3 1 2 2 3 n n 2 1 1 3 3 n n E 
71 2 1 2 2 3 n n 3 1 2 2 3 n n 3 1 2 3 3 n n 2 1 2 2 3 n n 2 1 2 2 3 y n D 
72 3 1 1 2 3 n n 3 1 2 2 3 n n 3 1 2 2 3 n n 3 1 2 2 3 n n 2 1 2 2 3 n n E 
73 2 1 1 2 3 n n 3 1 2 2 3 y n 3 1 3 3 2 n n 2 1 2 2 3 n n 2 1 1 2 3 n D D 
74 3 1 2 2 2 n n 3 1 2 3 3 n n 3 1 2 2 2 y n 3 1 2 3 3 y n 1 1 3 1 1 y n A 
75 4 1 1 3 3 n n 3 1 1 3 3 n n 5 2 3 1 2 y n 3 1 2 2 3 n n 1 2 2 2 2 n n B 
76 3 1 2 2 3 n y 3 1 2 2 3 y n 5 1 2 3 3 n n 3 1 2 3 3 y n 3 1 2 2 3 n n A 
Handling characteristics exercise: Responses 
 
77 2 1 1 2 2 n n 3 1 1 3 3 y n 4 1 2 2 2 n n 2 1 3 3 3 n n 2 1 1 2 2 y n A 
78 2 1 2 3 3 n n 3 1 2 3 3 n n 3 1 2 3 3 y n 2 1 1 3 2 y n 2 1 1 2 2 y n A 
79 2 1 2 3 3 n n 2 1 2 3 3 n n 3 1 2 3 3 y n 2 1 2 2 1 y n 3 1 2 3 3 n n A 
80 2 1 1 2 3 n n 4 1 3 1 3 y n 2 1 1 2 2 n n 2 1 2 2 3 y n 2 1 1 2 3 n n A 
81 1 1 1 3 3 n n 5 1 1 3 3 n n 4 1 2 3 3 n n 2 1 2 3 3 n n 1 1 1 3 3 n n D 
82 3 1 2 2 3 n n 3 1 2 3 3 y n 3 1 2 3 3 y n 2 1 2 3 3 n n 2 1 2 3 3 n n E 
83 2 1 1 3 3 y n 3 1 1 2 3 n n 5 1 3 3 3 n n 3 1 2 3 3 n n 2 1 1 3 3 n n D 
84 2 1 1 2 3 y y 3 1 1 2 3 y y 3 1 1 2 3 n n 2 1 1 2 3 n n 2 1 1 2 3 n n E 
85 3 1 2 2 3 n n 3 1 2 2 3 n n 2 1 2 2 3 y n 2 1 2 2 3 y n 3 1 2 2 3 y n A 
86 3 1 1 2 3 n n 3 1 2 2 3 n n 2 1 1 2 3 n n 3 1 2 2 3 n y 2 1 2 2 2 n n A 
87 2 1 2 2 3 n y 3 1 2 3 3 y y 2 1 2 2 3 n n 4 1 2 2 3 n y 1 1 3 2 2 n n A 
88 2 1 1 1 2 n n 3 1 2 3 3 n n 2 1 1 2 3 n y 2 1 1 3 3 n y 2 1 1 1 2 n n D 
89 1 1 2 2 2 n n 3 1 1 3 3 n n 2 1 2 1 2 n n 2 1 2 2 3 n n 3 1 2 2 3 y n B 
90 3 1 1 3 3 n n 3 1 1 3 3 n n 3 1 1 3 3 n y 3 1 1 1 3 n n 3 1 1 3 3 y n B 
91 4 1 2 2 3 N N 5 1 2 2 3 Y Y 2 1 1 2 3 N Y 3 1 2 2 3 N Y 2 1 1 2 2 Y N E 
92 3 1 1 3 3 N N 4 1 2 2 3 N N 4 1 2 2 3 N N 2 1 1 3 3 N N 2 1 1 3 3 N N A 
93 2 1 2 3 2 N N 3 1 2 3 2 Y Y 2 1 3 2 2 Y Y 2 1 3 2 2 Y Y 2 1 3 1 1 Y Y A 
94 2 1 1 2 2 N N 3 1 2 2 2 N N 2 1 2 3 2 N N 2 1 2 3 2 N N 2 1 1 3 2 N N A 
95 3 1 2 2 3 N N 4 1 1 3 3 Y N 3 1 2 2 3 Y N 3 1 2 2 2 Y N 2 1 2 2 2 N N D 
96 3 1 2 3 3 N N 3 1 1 3 3 N N 3 1 1 3 3 Y Y 3 1 1 3 3 N N 2 1 1 2 2 Y Y A 
97 3 1 2 2 2 N N 3 1 2 2 3 N N 2 1 2 3 3 N N 3 1 2 3 3 N N 2 1 1 3 3 N N E 
98 3 1 2 2 3 Y Y 2 1 3 1 2 N Y 5 1 3 1 2 Y Y 5 2 3 1 3 Y Y 2 1 2 2 2 Y Y A 
99 3 1 2 3 2 N N 4 1 2 3 2 N N 2 1 1 3 2 Y N 2 1 1 3 3 N N 2 1 1 3 3 N N D 
100 3 1 1 3 3 N N 3 1 3 3 3 N N 4 2 3 3 3 Y Y 2 1 1 2 2 N N 2 1 1 2 2 Y N A 
101 3 1 1 3 2 N N 3 1 2 3 2 Y N 3 1 2 3 3 Y Y 3 1 2 3 3 Y N 2 1 1 3 3 N N A 
102 3 1 2 3 3 Y N 4 1 2 2 3 Y N 3 1 2 3 3 N N 3 1 2 3 3 Y N 3 1 2 3 3 N N C 
103 3 1 1 3 3 N N 5 1 2 3 3 N Y 4 1 3 3 3 N N 3 1 2 3 3 N N 2 1 1 2 3 Y Y A 
104 3 1 1 3 3 N N 5 1 2 3 3 N N 4 1 3 3 3 N N 2 1 1 3 3 N N 2 1 1 3 3 N N E 
105 2 1 1 2 2 N N 3 1 2 2 3 N N 3 1 2 2 3 Y N 2 1 1 2 2 N N 2 1 1 1 2 N N D 
Handling characteristics exercise: Responses 
 
106 2 1 2 2 2 N N 4 1 2 3 3 Y Y 3 1 1 2 3 Y Y 3 1 1 3 3 N N 3 1 1 3 3 N N D 
107 3 1 2 3 3 N N 3 1 1 3 3 N N 3 1 2 3 3 N N 2 1 3 2 3 N N 2 1 2 2 3 Y N B 
108 2 1 2 2 2 N N 3 1 1 3 3 N N 3 1 1 3 3 N N 3 1 1 2 3 N N 2 1 1 2 3 Y N B 
109 3 1 1 3 3 N Y 4 1 2 3 3 N N 4 1 2 2 3 Y Y 3 1 1 3 3 N Y 3 1 1 3 3 N N E 
110 3 1 2 2 2 N N 4 1 2 3 3 N Y 3 1 1 3 2 N N 3 1 1 3 3 N N 3 1 2 2 2 N N C 
111 2 1 2 3 2 N N 3 1 3 2 2 N N 3 1 3 1 2 N N 4 1 3 1 2 N N 2 1 3 2 3 N N E 
112 3 1 1 3 3 N N 3 1 1 3 3 N N 3 1 1 3 3 N N 3 1 1 3 3 N N 3 1 1 3 3 N N E 
113 2 1 2 2 2 N N 3 1 1 3 3 Y N 3 1 2 3 3 N N 3 1 2 3 3 N N 2 1 2 3 3 N N E 
114 2 1 2 2 2 N N 2 1 2 3 2 N N 4 1 2 2 3 Y N 2 1 3 1 3 N N 2 1 2 2 2 N N A 
115 2 1 1 2 3 N N 3 1 1 3 3 N N 3 1 1 3 3 N N 3 1 1 3 3 N N 2 1 1 1 3 N N C 
116 2 1 2 3 2 N N 3 1 2 3 3 N N 4 1 3 2 2 Y N 3 1 2 2 2 N N 2 1 2 2 2 N N A 
117 2 1 2 2 3 N N 3 1 2 3 3 N N 3 1 2 3 3 N N 3 1 2 2 3 N N 2 1 2 3 2 N N B 
118 2 1 2 3 2 N N 3 1 3 3 3 Y Y 3 1 2 3 3 N Y 2 1 2 3 2 N N 2 1 2 3 3 Y N C 
119 2 1 1 3 3 N N 2 1 1 3 3 N N 4 1 3 3 3 Y Y 3 1 1 3 3 N N 2 1 1 3 3 N N D 
120 2 1 2 2 2 Y N 2 1 2 1 3 Y N 3 1 1 3 3 N N 2 1 1 2 3 Y N 2 1 1 2 3 N N C 
121 3 1 2 1 2 N N 3 1 1 2 3 N N 4 1 3 2 3 N N 3 1 2 2 3 N N 2 1 3 1 1 N N B 
122 3 1 2 2 3 N N 4 1 3 3 3 N N 2 1 2 3 3 N N 2 1 2 2 3 N N 2 1 1 3 3 N N E 
123 3 1 1 2 3 N N 4 1 3 3 3 N N 3 1 3 3 3 Y N 2 1 2 2 3 N N 1 1 1 3 3 N N E 
124 2 1 2 1 2 N N 3 1 2 3 3 N N 4 1 3 3 3 N N 3 1 1 2 2 N N 2 1 1 1 2 N N A 
125 3 1 1 3 3 N N 3 1 3 1 2 N Y 4 1 2 2 3 N N 2 1 3 1 2 Y N 2 1 1 2 3 Y N E 
126 3 1 1 3 3 N N 2 1 2 3 3 N N 3 1 1 3 3 N N 2 1 1 2 3 N N 3 1 1 2 3 N N E 
127 3 1 1 2 3 N N 5 2 3 3 3 Y N 3 1 2 2 3 Y N 2 1 1 3 2 N N 2 1 1 3 2 N N A 
128 2 1 2 2 2 N N 5 2 3 3 3 N N 2 1 2 2 2 N N 2 1 2 2 2 N N 2 1 1 1 2 N N A 
129 3 1 1 2 3 N N 5 2 3 3 3 Y N 4 1 2 3 2 N Y 3 1 1 2 2 N Y 2 1 1 2 2 N Y A 
130 2 1 1 2 3 N N 3 1 2 2 3 N N 3 2 2 2 3 N N 3 1 2 2 3 N N 3 1 2 2 3 N N D 
131 2 1 3 1 2 N N 2 1 1 1 2 N N 3 1 2 3 3 N N 2 1 1 1 2 N N 1 1 1 1 2 N N C 
132 2 1 1 2 2 Y Y 3 1 2 3 3 N N 4 1 3 2 3 N Y 3 1 1 2 3 N N 2 1 1 2 2 N N D 
 
Handling characteristics exercise: Responses 
 
KEY 
   
 
CHARACTERISTIC ANSWER KEY 
 
Consistency Excessively soft 1 
    Soft 2 
 
  Firm 3 
 
  Excessively firm 4 
 
  Dry, crumbly 5 
    
 
Working Time Adequate 1 
 
  Too short/impedes placement 2 
    
 
Ability to Shape/"Carve" Easy 1 
 
  Satisfactory 2 
 
  Difficult 3 
    
 
Stickiness (to instruments) Too sticky - detrimental 1 
 
  Slightly sticky - not detrimental 2 
 
  Not sticky 3 
    
 
Ability to Retain Form before curing Slumps excessively - detrimental 1 
 
  
Some slumping - not 
detrimental 2 
 
  Slump resistant 3 
    
 
Post Placement Assesment Voids Y/N 
 
  Layering Y/N 
 
   
Handling characteristics exercise: Responses 
 
    
 
LABEL PRODUCT/COLOUR   
 
A Gradia Direct X   
 
B Kalore   
 
C Silorane   
 
D Filtek Supreme   
 
E Beautifil II   
     
Follow up survey: Responses 
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1 4 3 2 5 1 6 2 3 1 4 6 5 Y Y N N Y Y Y Y Y Y N N N N Y Y 
2 1 4 3 5 2 6 1 2 3 4 5 6 Y N N N Y Y Y Y N N N N N N Y N 
3 3 4 1 5 2 6 1 2 4 3 5 6 Y Y Y N Y Y Y Y Y Y N N N N Y Y 
4 5 4 2 6 1 3 3 2 1 6 5 4 Y Y N N N N Y Y Y N N N N N Y N 
5 3 5 1 6 2 4 2 3 1 6 4 5 Y Y N N Y Y Y Y Y N N N N N Y Y 
6 5 3 2 4 1 6 5 2 1 4 3 6 Y Y Y Y Y Y Y Y Y N N N N N N Y 
7 6 3 2 4 1 5 1 3 2 4 5 6 Y Y Y N Y Y Y Y Y Y N N N N Y Y 
8 2 4 3 5 1 6 1 2 3 5 4 6 Y Y N N N N N Y Y N N N N Y Y Y 
9 4 3 2 5 1 6 1 2 4 3 5 6 Y N N N Y Y N N N Y Y Y N N N Y 
10 4 2 3 5 1 6 1 2 4 3 5 6 Y N N N Y Y N N N Y Y Y N N Y Y 
11 3 4 2 5 1 6 2 3 1 5 4 6 Y Y N N Y N N N N N N N N N N Y 
12 3 4 2 5 1 6 1 4 2 5 3 6 Y Y N N Y Y Y Y N Y Y N N N Y Y 
13 1 3 2 5 4 6 1 3 2 5 4 6 Y Y N N Y Y Y Y Y Y Y Y Y Y Y Y 
14 4 3 2 6 1 5 4 3 2 5 1 6 Y Y N N N N Y Y Y N N N N N Y Y 
15 2 4 3 5 1 6 4 3 1 2 5 6 Y Y Y N N N N Y Y N N N Y Y Y Y 
16 1 6 3 4 2 5 1 5 2 3 6 4 Y N N N Y Y Y N N Y Y Y N N Y Y 
17 1 3 4 5 2 6 1 2 3 4 5 6 Y Y N N N N N Y Y N N N N N N Y 
Follow up survey: Responses 
 
18 2 5 3 4 1 6 5 2 3 4 1 6 Y N N N Y Y Y Y N N N N N N N Y 
19 3 5 2 4 1 6 2 4 1 3 5 6 Y N N N Y Y N N N N N N N N N Y 
20 2 4 3 5 1 6 1 2 3 4 6 5 Y Y N N Y N N N N N N N N Y Y Y 
21 3 1 2 6 4 5 2 1 3 4 6 5 Y Y N N Y Y N N N N N N N N Y Y 
22 4 2 1 5 3 6 2 1 3 4 5 6 Y N N N N N Y Y Y N N N N N Y Y 
23 2 4 3 5 1 6 2 4 1 5 3 6 Y Y N N Y Y Y N N Y N N N N Y Y 
24 3 4 2 5 1 6 1 3 2 4 5 6 Y Y N N Y Y Y Y Y N N N N N Y Y 
25 2 3 4 6 1 5 2 1 3 6 4 5 Y N N N N N N Y Y N N N N N N Y 
26 4 3 2 5 1 6 2 1 3 5 4 6 Y Y Y Y Y Y Y Y Y N N N N N Y N 
27 1 2 4 6 3 5 1 2 4 5 3 6 Y Y N N Y Y Y Y N Y Y Y N N Y Y 
28 6 3 2 5 1 4 2 1 3 5 4 6 Y Y N N N Y Y Y Y N N N N Y N Y 
29 2 4 3 5 1 6 2 1 3 5 4 6 Y Y N N N N N Y Y N N N N N N Y 
30 1 1 1 1 1 1 1 1 1 1 3 1 N N N N Y N N N N N N N N N Y Y 
31 4 2 3 5 1 6 2 3 1 4 5 6 Y Y N N Y Y Y Y Y N N N Y Y Y Y 
32 4 1 3 6 2 5 2 1 4 6 3 5 Y Y Y Y Y Y Y Y Y N N N N N Y N 
33 2 4 3 5 1 6 1 3 2 5 4 6 Y N N N Y Y Y Y Y N N N N N N Y 
34 2 4 3 6 1 5 1 3 2 5 4 6 Y N N N Y N N N N N N N N N Y Y 
35 5 3 2 6 1 4 3 4 1 6 2 5 Y Y N N N N N N N N N N N N Y Y 
36 4 2 3 6 1 5 2 1 4 3 5 6 Y Y N N Y Y Y Y Y N N N Y Y Y Y 
37 1 2 3 5 4 6 1 2 3 5 6 4 Y N N N Y Y Y Y Y N N Y Y Y N Y 
38 4 5 3 6 1 2 5 4 1 6 2 3 Y Y Y N Y Y Y Y Y N N N N N Y Y 
39 4 3 2 5 1 6 3 1 2 4 5 6 Y Y N N N N N Y Y N N N N N N Y 
40 2 4 3 5 1 6 1 4 3 5 2 6 Y Y Y N Y Y N N N N N N N N N Y 
41 1 3 4 5 2 6 1 2 3 5 4 6 N N N N N Y Y Y Y N N Y Y Y N Y 
42 4 3 2 6 1 5 2 1 3 5 4 6 Y N N N Y Y N N N N N N N N N Y 
43 4 3 2 6 1 5 1 2 3 4 6 5 Y Y N N Y Y Y Y Y Y Y Y N N Y Y 
44 2 3 4 6 1 5 1 3 4 6 2 5 Y Y N N N Y Y Y Y N Y Y Y Y Y N 
45 4 3 1 5 2 6 2 3 1 5 4 6 Y Y N N Y Y N N N N N N N N N Y 
Follow up survey: Responses 
 
46 4 3 2 5 1 6 1 2 3 5 4 6 Y Y N N Y Y Y Y N N N N N N Y Y 
47 2 4 3 6 1 5 1 2 4 3 6 5 Y N N N Y Y Y Y Y N N N N N N Y 
48 4 3 2 5 1 6 3 1 2 5 4 6 Y Y N N N N Y Y Y N N N N Y Y N 
49 2 3 4 6 1 5 1 3 2 4 6 5 Y Y N N Y Y Y Y Y N N N Y Y Y Y 
50 1 2 2 3 1 2 1 1 1 2 3 2 Y N N N Y Y Y Y N Y Y Y N N Y Y 
51 5 2 4 6 1 3 1 3 2 4 6 5 N N N N Y N N N N Y Y N N N N Y 
52 3 4 6 5 2 6 2 4 1 6 3 5                                 
53 4 2 3 5 1 6 3 1 2 4 5 6 Y Y N N N N Y Y Y N N N N Y N Y 
54 3 4 1 6 2 5 2 3 1 6 4 5 Y Y N N N N Y Y Y N N N N N N Y 
55 4 5 5 5 6 2 5 4 4 6 4 3 Y Y Y N Y Y N N N Y Y N N N N Y 
56 5 3 2 4 1 6 1 3 4 2 5 6 Y N N N Y Y Y N N N N N N N Y Y 
57 4 2 3 5 1 6 2 1 3 5 4 6 Y Y N N N Y Y Y Y N N N Y Y Y Y 
58 3 4 2 5 1 6 1 2 3 5 4 6 Y Y Y N Y Y Y N N N N Y N N Y Y 
59 3 2 4 6 1 5 1 2 3 4 6 5 Y Y Y N N N Y Y Y N Y Y Y Y Y N 
60 2 3 5 6 1 4 2 1 5 3 6 4 Y Y Y Y Y Y Y Y Y N N Y Y Y Y Y 
61 4 5 3 6 1 2 2 3 4 5 6 1 Y Y N N N Y Y Y Y N N N Y Y Y Y 
62 5 3 1 4 2 5 5 2 1 3 4 5 Y Y N N N N N Y Y N N N N N Y Y 
63 5 2 4 6 1 3 1 4 3 2 6 5 Y Y N N N N N Y Y N N N Y Y N Y 
64 4 2 1 6 3 5 3 2 1 6 5 4 Y Y N N N N Y Y Y N N N N N Y Y 
65 4 3 1 6 2 5 3 2 1 4 5 6 Y N N N N N N Y N N N N Y N Y Y 
66 4 3 1 5 2 6 2 3 1 5 4 6 Y Y N N Y Y Y Y Y N N N N N N N 
67 3 4 2 5 1 6 1 2 3 4 5 6 Y Y Y N N N N N N N N N N Y N N 
68 3 4 2 5 1 6 1 3 2 4 5 6 Y Y N N Y Y N N N N N N N N Y Y 
69 2 3 4 6 1 5 1 2 3 5 4 6 Y N N N Y Y Y Y N Y N N N N Y N 
70 4 3 2 5 1 6 3 1 2 4 5 6 Y Y N N Y Y Y Y Y N N N N N Y Y 
71 3 4 2 5 1 6 2 3 1 5 4 6 N Y N N N Y N N N N Y N N N N Y 
72 5 3 2 6 1 4 3 1 2 6 5 4 Y Y Y Y N N N N N N N N N N N Y 
73 3 4 1 5 2 6 4 1 2 5 3 6 Y Y N N Y Y N N N Y Y N N N N Y 
Follow up survey: Responses 
 
74 3 4 2 5 1 6 1 4 2 5 3 6 Y Y Y N N N N Y Y N N N N N Y Y 
75 3 4 2 5 1 6 1 3 2 4 6 5 Y Y N N N Y Y Y Y N N Y Y Y Y Y 
76 2 4 3 5 1 6 2 1 3 5 4 6 Y Y N N N N Y Y Y N N N N N Y N 
77 2 3 5 4 6 1 4 5 1 3 6 2 Y Y N N N N N Y Y N N N N N N Y 
78 1 2 3 6 4 5 1 2 3 4 6 5 Y Y N N N N Y Y Y N N N N Y Y Y 
79 3 4 1 5 2 6 2 3 1 4 5 6 Y Y N N N Y Y Y Y N N N Y Y Y Y 
80 3 4 2 5 1 6 3 2 1 5 4 6 Y Y Y N Y Y Y N N Y Y N N N N Y 
81 3 2 4 5 1 6 2 1 3 4 6 5 Y Y N N N N Y Y Y N N N N Y N Y 
82 2 3 4 1 6 5 3 4 6 2 1 5 Y Y N N Y Y Y Y Y Y Y N N N N Y 
83 3 2 4 5 1 6 5 3 2 4 6 1 Y Y N N N N Y N N N N N N N N Y 
84 4 3 2 5 1 6 3 2 1 4 5 6 Y Y Y N Y Y Y Y Y N N N Y Y N Y 
85 3 4 2 5 1 6 3 2 1 4 5 6 Y Y Y N Y Y Y Y Y Y Y N N N N Y 
86 3 4 2 5 1 6 5 2 1 3 4 6 Y Y N N Y Y N N N Y N N N N Y Y 
87 2 4 3 5 1 6 3 1 2 5 4 6 Y Y N N N Y Y Y Y N N N Y Y Y Y 
88 4 3 2 5 1 6 3 2 1 4 5 6 Y Y Y Y Y Y Y Y Y N N N Y Y Y N 
89 4 3 2 5 1 6 3 1 2 5 4 6 Y Y N N N Y Y Y Y N N N Y Y N Y 
90 2 3 4 5 1 6 2 1 3 5 4 6 Y Y Y N N Y Y Y Y N N Y Y Y Y Y 
91 4 3 2 6 1 5 2 1 3 4 6 5 Y Y Y N N N Y Y Y N N N Y Y Y Y 
92 3 6 1 4 2 5 2 1 3 4 6 5 Y Y Y N N N Y Y Y N N N N Y Y Y 
93 2 1 3 6 4 5 2 1 3 6 4 5 Y Y N N N N Y Y Y N N N N Y Y N 
94 3 5 2 4 1 6 4 1 2 3 5 6 Y Y N N N N N Y Y N N N N N Y Y 
95 4 2 3 5 1 6 3 2 1 5 4 6 Y Y N N Y Y Y Y Y N N N N N Y N 
96 4 3 2 5 1 6 2 1 3 4 6 5 Y Y N N Y Y Y N N Y Y Y Y N N Y 
97 2 4 3 5 1 6 2 1 3 5 4 6 Y Y N N Y Y Y N N Y Y N N N N Y 
98 3 4 1 5 2 6 3 2 1 4 5 6 Y Y N N Y Y Y Y Y Y Y Y N N Y N 
99 4 5 1 6 2 3 4 2 1 6 5 3 Y Y N N N N N Y Y N N N N N N Y 
100 2 4 3 6 1 5 3 1 4 2 6 5 Y Y N N Y Y Y Y Y N N Y Y Y Y Y 
101 3 4 1 5 2 6 3 1 2 5 4 6 Y N N N N N Y Y Y N N N N Y Y Y 
Follow up survey: Responses 
 
102 4 2 3 6 1 5 2 1 3 5 4 6 Y N N N Y Y Y Y Y Y Y Y Y N Y N 
103 4 3 1 5 2 6 4 3 1 5 2 6 Y Y Y N N N N Y Y N N N N N N Y 
104 2 4 3 6 1 5 2 1 4 3 6 5 Y Y N N Y Y Y Y Y N N N N N N Y 
105 5 3 1 6 2 4 2 4 1 6 3 5 Y Y N N Y Y N N N N N N N N N Y 
106 4 2 3 5 1 6 2 1 3 4 5 6 Y Y N N N N N Y Y N N N Y Y Y Y 
107 3 6 1 4 2 5 2 3 1 5 4 6 Y Y N N Y Y Y Y Y N N N N Y Y Y 
108 4 3 2 5 1 6 2 1 3 5 4 6 Y Y N N N Y Y Y Y N N N Y Y Y Y 
109 3 2 1 5 4 6 1 2 3 4 6 5 Y Y N N Y Y Y Y Y Y Y Y Y N N Y 
110 1 2 3 6 4 5 2 1 3 6 5 4 Y Y N N Y Y Y Y Y Y Y N N N Y Y 
111 2 4 3 5 1 6 2 1 3 4 5 6 Y Y N N N Y Y Y Y N N N Y Y N Y 
112 3 1 4 5 2 6 2 1 3 4 5 6 Y Y N N N N Y Y Y N N N N Y Y N 
113 3 4 1 5 2 6 2 3 1 4 6 5 Y Y Y Y Y Y Y Y Y Y Y Y N N N Y 
114 3 4 2 6 1 5 3 1 2 6 4 5 Y Y N N Y Y Y Y N Y Y N N N Y Y 
115 2 4 3 5 1 6 2 4 3 5 1 6 Y Y N N Y Y Y N N Y Y N N N Y N 
116 4 2 3 6 1 5 1 3 2 4 6 5 Y N N N Y Y Y Y Y N N N Y Y Y Y 
117 4 2 3 5 1 6 1 2 3 4 5 6 Y N N N Y Y Y Y Y N N N N N N N 
118 4 3 2 5 1 6 3 2 1 4 5 6 Y Y N N Y Y N N N Y Y N N N Y Y 
119 4 3 1 5 2 6 4 3 1 5 2 6 Y Y N N Y Y Y Y N Y Y Y N N Y N 
120 4 3 2 5 1 6 2 1 3 4 6 5 Y Y N N Y Y Y N N Y Y Y N N Y Y 
121 3 6 1 5 2 4 2 3 1 4 6 5 Y Y Y N N N Y Y Y N N N N Y Y Y 
122 3 2 4 5 1 6 2 1 3 4 6 5 Y Y N N Y Y N N N Y N N N N Y N 
123 5 3 1 4 2 6 5 2 1 4 3 6 Y Y Y N N N N N N N N N N N Y N 
124 3 4 2 6 1 5 2 3 1 4 5 6 Y Y N N Y Y N N N Y Y Y N N N N 
125 2 3 5 4 1 6 2 1 4 3 5 6 Y Y N N Y Y Y N N N N N N Y Y Y 
126 3 6 2 5 1 4 3 1 2 4 6 5 Y Y Y Y Y Y Y Y Y N N N N N N Y 
127 4 3 1 6 2 5 3 2 1 6 5 4 Y Y Y N N N Y Y Y N N N N N Y Y 
128 4 3 2 6 1 5 2 1 3 6 5 4 Y Y N N N N Y Y Y N N N Y Y Y N 
 
Shear bond strength values following aging and regular fluoride recharge 
 
Group 1  - 24 hrs FL Bond-Water  Group 2 - 24 hrs Unifil Bond-Water 
Specimen Force at failure (N) Bonded area (m2)  Specimen Force at failure (N) Bonded area (m2) 
1 335.25 0.028274334  1 222.375 0.028274334 
2 243.25 0.028274334  2 77.75 0.028274334 
3 214 0.028274334  3 142.25 0.028274334 
4 281.5 0.028274334  4 284.875 0.028274334 
5 149.75 0.028274334  5 217.375 0.028274334 
6 218.25 0.028274334  6 235.875 0.028274334 
7 281.125 0.028274334  7 97.5 0.028274334 
8 332.625 0.028274334  8 100.875 0.028274334 
 
Group 3 - 4mth FL Bond-Water  Group 4 - 4mth Unifil Bond-Water 
Specimen Force at failure (N) Bonded area (m2)  Specimen Force at failure (N) Bonded area (m2) 
1 225.125 0.028274334  1 242.75 0.028274334 
2 250.375 0.028274334  2 157.25 0.028274334 
3 149.5 0.028274334  3 399.5 0.028274334 
4 260.625 0.028274334  4 108.625 0.028274334 
5  0.028274334  5 173 0.028274334 
6 202.75 0.028274334  6 135.875 0.028274334 
7 203.375 0.028274334  7 338.25 0.028274334 
8 391.5 0.028274334  8 237.5 0.028274334 
 
 
 
Shear bond strength values following aging and regular fluoride recharge 
Group 5 - 4mth FL Bond-Water + fluoride recharge  Group 6 - 4mth Unifil Bond-Water + fluoride recharge 
Specimen Force at failure (N) Bonded area (m2)  Specimen Force at failure (N) Bonded area (m2) 
1 203.375 0.028274334  1 375.5 0.028274334 
2 393.88 0.028274334  2 228.5 0.028274334 
3 137.5 0.028274334  3 208 0.028274334 
4 66.875 0.028274334  4 303.75 0.028274334 
5 230.625 0.028274334  5 271.125 0.028274334 
6 346.75 0.028274334  6 149.125 0.028274334 
7 307.25 0.028274334  7 196.25 0.028274334 
8 264.75 0.028274334  8 241.875 0.028274334 
 
Group 7 - 4mth FL Bond-Lactic acid + fluoride recharge  Group 8 - 4mth Unifil Bond-Lactic acid + fluoride recharge 
Specimen Force at failure (N) Bonded area (m2)  Specimen Force at failure (N) Bonded area (m2) 
1 221.875 0.028274334  1 310 0.028274334 
2 360.75 0.028274334  2 259.5 0.028274334 
3 202.75 0.028274334  3 190.875 0.028274334 
4 164.125 0.028274334  4 78 0.028274334 
5 271.625 0.028274334  5 347.625 0.028274334 
6 206.25 0.028274334  6 251.375 0.028274334 
7 276.75 0.028274334  7 294.375 0.028274334 
8 354.625 0.028274334  8 170.125 0.028274334 
9 311.375 0.028274334  9 257.5 0.028274334 
 
 
 
